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The Electrical Resistivity Log as an Aid in Determining Some
Reservoir Characteristics

By G. E. ArcHie*

(Dallas Meeting, October 1941)

TaE usefulness of the electrical resistivity log
in determining reservoir characteristics is
governed largely by: (1) the accuracy with
which the true resistivity of the formation can
be determined; (2) thé scope of detailed data
concerning the relation of resistivity measure-
ments to formation characteristics; (3) the
available information concerning the conduc-
tivity of connate or formation waters; (4) the
extent of geologic knowledge regarding proba-
ble changes in facies within given horizons, both
vertically and laterally, particularly in relation
to the resultant effect on the electrical proper-
ties of the reservoir. Simple examples are given
in the following pages to illustrate the use of
resistivity logs in the solution of some problems
dealing with oil and gas reservoirs. From the
available information, it is apparent that much
care must be exercised in applying to more
complicated cases the methods suggested. It
should be remembered that the equations given
are not precise and represent only approximate
relationships. It is believed, however, that
under favorable conditions their application
falls within useful limits of accuracy.

INTRODUCTION

The electrical log has been used exten-
sively in a qualitative way to correlate
formations penetrated by the drill in the
exploitation of oil and gas reservoirs and
to provide some indication of reservoir
content. However, its use in a quantitative
way has been limited because of various
factors that tend to obscure the significance
of the electrical readings obtained. Some
of these factors are the borehole size,
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the resistivity of the mud in the borehole,
the effect of invasion of the mud filtrate
into the formation, the relation of the
recorded thickness of beds to electrode
spacing, the heterogeneity of geologic
formations, the salinity or conductivity
of connate water, and, perhaps of greatest
importance, the lack of data indicating the
relationship of the resistivity of a formation
in situ to its character and fluid content.
On the Gulf Coast it is found that the
effects of the size of the borehole and the
mud resistivity are generally of little
importance, except when dealing with
high formational resistivities or extremely
low mud resistivities. Fortunately, little
practical significance need be attached to
the exact values of the higher resistivities
recorded. Low mud resistivities are not
common, but when this condition is
encountered it may be corrected by
replacing the mud column. Withe the
present advanced knowledge of mud
control, invasion of mud filtrate into
sands can be minimized, thereby increasing
the dependability of the electrical log.
The effect of electrode spacing on the
recorded thickness of a bed is often subject
to compensation or can be sufficiently
accounted for to provide an acceptable
approximation of the true resistivity of
the formation. As development of a field
or area progressively enhances the knowl-
edge of the lithologic section, the resistivity
values of the electrical log take on greater
significance, ultimately affording accept-
able interpretations. The salinity, and
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therefore the conductivity, of the connate
water associated with the various produc-
ing horizons may be determined with
sufficient accuracy by the usual sampling
procedure.

Determination of the significance of
the resistivity of a producing formation
as recorded by the electrical log appears,
for the present at least, to rest largely
with the application of empirical relation-
ships established in the laboratory between
certain of the physical properties of a
reservoir rock and what may be termed
a formation factor. It should be stressed
at this point that numerous detailed
laboratory studies of the physical proper-
ties of the formations in relation to the
electrical measurements in question are
essential to a reliable solution of the
problems dealing with reservoir content.
The purpose of this paper is to present
some of these laboratory data and to
suggest their application to quantitative
studies of the electrical log. It is not in-
tended to attempt to discuss individual
resistivity curves and their application.
The disturbing factors (borehole, bed
thickness, and invasion) are discussed
briefly only to indicate instances when
they are not likely to affect the usefulness
of the observed resistivity.

RESISTIVITY OF SANDS WHEN PORES ARE
ENTIRELY FILLED WITH BRINE

A study of the resistivity of formations
when all the pores are filled with water
is of basic importance in the detection of
oil or gas by the use of an electrical log.
Unless this value is known, the added
resistivity due to oil or gas in a formation
cannot be determined.

The resistivities of a large number of
brine-saturated cores from various sand
formations were determined in the labora-
tory; the porosity of the samples ranged
from 10 to g0 per cent. The salinity of the
electrolyte filling the pores ranged from
20,000 to Ioo,000 milligrams of NaCl

per liter. The following simple relation
was found to exist for that range of
poraosities and salinities:

R, = FR, [1]

where R, = resistivity of the sand when
all the pores were filled with brine, R, =
resistivity of the brine, and F = a “for-
mation resistivity factor.”

In Figs. 1 and 2, F is plotted against
the permeabilities and porosities, respec-
tively, of the samples investigated. The
data presented in Fig. 1 were obtained
from consolidated sandstone cores in
which the cementing medium consisted
of various amounts of calcareous as well
as siliceous materials. The cores had
essentially the same permeability, parallel
to and perpendicular to the bedding of
the layers. All of the cores were from
producing zones in the Gulf Coast region.
Cores from the following fields were used:
Southeast Premont, Tom Graham, Big
Dome-Hardin, Magnet-Withers, and Sheri-
dan, Texas; also La Pice, and Happytown,
La. Fig. 2 presents similar data obtained
from cores of a widely different sandstone;
that is, one that had extremely low per-
meability values compared with those
shown in Fig. 1 for corresponding porosities.
These cores were from the Nacatoch
sand in the Bellevue area, Louisiana.

From Figs. 1 and 2 it appears that the
formation resistivity factor F is a function
of the type and character of the formation,
and varies, among other properties, with
the porosity and permeability of the reser-
voir rock; many points depart from the
average line shown, which represents a
reasonable relationship. Therefore, indi-
vidual determinations from any particular
core sample may deviate considerably
from the average. This is particularly
true for the indicated relationship to
permeability. Further, although the varia-
tion of F with porosity for the two groups
of data taken from sands of widely different
character is quite consistent, the effect
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56 ELECTRICAL RESISTIVITY LOG AND RESERVOIR CHARACTERISTICS

of variations in permeability on this
factor is not so evident. Naturally the
two relationships could not be held to
apply with equal rigor because of the well

ity. Thus, knowing the porosity of the
sand in question, a fair estimate may be
made of the proper value to be assigned
to F, based upon the indicated empirical
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F16. 2—RELATION OF POROSITY AND PERMEABILITY TO FORMATION RESISTIVITY FACTOR, NACATOCH
SAND, BELLEVUE, La.
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established fact that permeability does not
bear the same relation to porosity in all
sands. From close inspection of these data,
and at the present stage of the investiga-
tion, it would appear reasonably accurate to
accept the indicated relationship between
the formation resistivity factor and poros-

relationship
F=gn [2]
or from Eq. 1,
Ra = ng—m [3]

where 6 is the porosity fraction of the
sand and m is the slope of the line represent-
ing the relationship under discussion.
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From a study of many groups of data, m
has been found to range between 1.8
and 2.0 for consolidated sandstones. For
clean unconsolidated sands packed in
the laboratory, the value of m appears
to be about 1.3. It may be expected,
then, that the loosely or partly consolidated
sands of the Gulf Coast might have a
value of m anywhere between 1.3 and 2.

REsISTIVITY OF FORMATIONS WHEN PORES

ARe PArTLY FILLED WITH BRINE, THE

RemaINING Voips Brine FILLED WwiITH
O1L or Gas

Various investigators—Martin,! Jako-
sky,? Wyckoff,® and Leverett*—have stud-
ied the variation in the resistivity of sands
due to the percentage of water contained
in the pores. This was done by displacing
varying amounts of conducting water
from the water-saturated sand with non-
conducting fluid. Fig. 3 shows the relation
which the various investigators found to
exist between S (fraction of the voids
filled with water) and R (the resulting
resistivity of the sand) plotted on loga-
rithmic coordinates. For water saturations
down to about o.15 or o.20, the following
approximate equation applies:

1
R\n
s=(F) o R-rs W

For clean unconsolidated sand and for
consolidated sands, the value of # appears
to be close to 2, so an approximate relation
can be written:

n
Il
Bo|

{s]

FR.,
S=\/R [6]

Since in the laboratory extremely short
intervals of time were allowed for the
establishment of the equilibrium conditions
compared with underground reservoirs,
there is a possibility that the manner in

or from Eq. 1,

1 References are at the end of the paper.

which the oil or gas is distributed in the
pores may be so different that these
relations derived in the laboratory might
not apply underground.
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Considerable encouragement on this
point is established, however. For example,
Eq. 4 appears to hold even though gas or
oil is the nonconducting phase. Each
probably assumes a different distribution
in the pores, yet the resulting resistivity
is not appreciably changed. Also, no great
change is found in the average relation
between the formation resistivity factor
and porosity for changes in types of con-
solidated sandstones. This indicates that
even though the oil or gas underground
may fill the pore space in a different
manner from that in the short-time
laboratory experiments, the relationship
expressed by Eq. 4 should apply equally
well underground.

Basic RESISTIVITY VALUES T0 BE OBTAINEL
IN ESTIMATING FLUID CONTENT OF A SANL

The foregoing discussion indicates that
the basic values to be obtained are: (1) the
resistivity of the sand in question under-
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ground (R), and (2) the resistivity of the
same sand when its pores are entirely
filled with connate water (R,).

The first value can be obtained from the
electrical log when all factors can be
properly weighed. The latter may also be
obtained from the log when a log is avail-
able on the same horizon where it is entirely
water-bearing. Of course, this is true only
when the sand conditions, particularly por-
osity, are the same as at the point in ques-
tion and when the salinity of the connate
or formation water throughout the horizon
is the same.

In a water-drive reservoir, or any
reservoir where the connate water is in
direct contact with the bottom or edge
water, there should be no appreciable
difference in the salinities through the
horizon, at least within the limits set forth
for the operation of Eqs. 1 and 4; that is,
when the salinity of the connate water
is over 20,000 mg. NaCl per liter and the
connate water is over o.15. In depletion-
type reservoirs, or when connate water
is not in direct contact with bottom or
edge water, special means may have to
be devised to ascertain the salinity of the
connate water.

When it is not possible to obtain R,
in the manner described above, the value
can be approximated from Eq. 3, # and m
having been determined by core analyvses
and R, by regular analyses.

CarcuraTioN oF CONNATE WATER, PoRrROs-
1TY AND SALINITY OF FORMATION WATER
FROM THE ELECTRICAL LoG

The resistivity scale used by the electrical
logging companies is calculated assuming
the electrodes to be points in a homo-
geneous bed.® Therefore, the values re-
corded must be corrected for the presence
of the borehole, thickness of the layers
in relation to the electrode spacing, and
any other condition different from the
ideal assumptions used in calculating the
scale.

Consider a borehole penetrating a
large homogeneous layer, in which case
the electrode spacing is small in comparison
with the thickness of the layer. If the
resistivity of the mud in the hole is the
same as the resistivity of the layer, there
will be, of course, no correction for the
effect of the borehole. If the resistivity
of the mud differs from the resistivity of
the layer, there will be a correction.
Table 1 shows approximately how the
presence of the borehole changes the
observed resistivity for various conditions.
The third curve, or long normal, of the
Gulf Coast is considered because this
arrangement of electrodes gives very
nearly a symmetrical picture on passing
a resistive layer and has sufficient pene-
tration in most instances to be little
affected by invasion when the filtrate
properties of the mud are suitable.

TABLE 1.—Efect of Borehole on Infinitely
Large Homogeneous Formation

Observed Resistivity on Electric Log

In an 8-in. In a 15-in.
Borehole Borehole
True Resistivity of Resistivity of

Resistivity Mud in Hole Mud in Hole
of Formation,| (at Bottom-hole (at Bottom-hole

Meter-ohms | Temperature) of | Temperature) of

0.5 1.5 0.5 I.5
Meter- { Meter- | Meter- | Meter-

ohms ohms ohms ohms

0.5 0.5 0.5 0.5 0.5
I 1 I I 1
3 6 5 s 5
10 12 I 11 1T
50 6s 65 50 55

The values in Table 1 have been cal-
culated assuming a point potential “pick-
up” electrode 3 ft. away from a point
source of current, other electrodes assumed
to be at infinity, and it has been found
that the table checks reasonably well
with field observations. Checks were
made by: (1) measuring the resistivity of
shale and other cores whose fluid content
does not change during the coring operation
and extraction from the well; (2) measuring
the resistivity of porous cores from water-
bearing formations after these cores were
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resaturated with the original formation
water, Adjustment due to temperature
difference, of course, is necessary before
the laboratory measurement is compared
with the field measurement.

TABLE 2.—Efeci of Formation Thickness,
No Borehole Present

True Resistivity Observed Resistivity

Layer between Large ;
Shale Bodies Having Thickness of Layer
Resistivity of 1.0
Meter-ohms 24 Pt. | 16 Ft. | 8 Ft.

I 1 I 1

5 5 5 3
10 10 9 6
20 20 10 1

tivities. It:is assumed that large shale bodies
are present above and below the beds, at
the same time neglecting the presence of
the borehole and again assuming point
electrodes.

Resistivity, meter-ohms

0 10 20
Self-potentiol e] — ;)430
s :‘g
mv.
5 3500
e 3520

( Normoil curve (| ST

3540

The correction at the higher resistivities
appears to be appreciable. However,
in the Gulf Coast when the value of R,
is low the correction is not so important.
For example, assume a friable oil sand
whose true resistivity is 5o meter-ohms
and whose resistivity when entirely water-
bearing is o.50 meter-ohms; the connate
water would occupy about o.10 of the
pore volume (Eq. 5). However, if the
observed value on the log, 65 meter-
ohms, were used without correcting for
the borehole, the connate water would be
calculated to occupy o.09 of the pore
volume. Therefore, although the effect
of the borehole size and mud resistivity
on the observed resistivity readings may
be appreciable, the resultant effect on
the calculated connate-water content of
the sand is not important.

When the thickness of the formation
is very large in comparison with the
electrode spacing, there will, of course, be
no correction to make for the thickness
of the layer. However, when the thickness
of the formation approaches the electrode
spacing, the observed resistivity may be
very different from the true value. Table 2
shows approximately what the third curve
(long normal) of the Gulf Coast would
read for certain bed thicknesses and resis-

X
¥
S
N
$
N
3560
Long normal . A
. ]
} curve T el

Sl 3580

[ 3600

g 3620
- 3640
F1e. 4—E1EcTRICAL LOG OF AN East TEXAS
WELL.
Diameter of hole, 7%§ in.; mud resistivity,
3.4 at 85°F.; bottom-hole temperature, approxi-
mately 135°F.

Tables 1 and 2 assume ideal conditions,
so if the sand is not uniform, or if invasion
affects the third curve, the observed re-
sistivity values may deviate farther from
the true value. The magnitude of the
influencing factors, of course, will limit the
usefulness of the observed resistivity value
recorded on the log. Invasion of the mud
filtrate is probably the most serious factor;
however, as previously mentioned, it can
often be controlled by conditioning the
mud flush for low filtrate Joss.

Fig. 4 shows a log of an East Texas well.
The observed resistivity on the long normal
curve for the interval 3530 to 3560 {t. is
62 meter-ohms, or, from Table 1, approxi-
mately 5o meter-ohms after correcting for
the borehole. In this instance the mud
resistivity at the bottom-hole temperature
of 135°F. is approximately 2.2 meter-ohms.
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The interval is thick enough so that there
should be no appreciable effect due to
electrode spacing. The formation is more or
less a clean friable sandstone, so Eq. 5 can

Resistivity,
R meter-ohms
Self-potentral 5 10
) 4040
——> 25 =+
mv. 3rd curve] ..
k \ 4060
) 4080
Normal curve-t—>(¢
s 4100
H !
| Amplified
: ':l‘er[ curve
N e 4120

Fic. 5.—ELECTRICAL LOG OF A SAND IN EasT
‘WHiITE PoINT FIELD, TEXAS.

Diameter of hole, 774 in.; mud resistivity,

1.7 at 80°F.; bottom-hole temperature, 138°F.

be used to approximate the connate-water
content. The formation resistivity factor
for this sand is approximately 15, using
Eq. 2 where 6 = o.25 and m = 1.8. The
resistivity of the formation water by actual
measurement is o0.075 meter-chms at a
bottom-hole temperature of 135°F. There-
fore, from Eq. 1, R, for this sand is
15 X 0.075 = 1.1 meter-ohms. This value
checks reasonably well with the value
recorded at 3623 to 3638 ft. on this log as
well as on the many logs from this pool
where the Woodbine sand is water-bearing;
i.e., 0.9 to 1.5 meter-chms. The close check
obtained between the calculated and re-
corded resistivity of the water sand indi-
cates that invasion is not seriously affecting
the third curve. Solving Eg. 5, the connate
water of the zone 3530 to 3560 ft. occupies

approximately '[is'gl = o.15 of the pore

volume. The accepted value assigned for
the connate-water content of the East
Texas reservoir is 17 per cent.

An electrical log of a sand in the East
White Point field, Texas, is shown in Fig. 3.
The observed resistivity at 4075 ft. is
approximately 5 meter-ohms. The value of
F for this sand by laboratory determination
is 6. The sand is loosely consolidated, hav-
ing 32 per cent porosity average. The
resistivity of the formation water by direct
measurement is 0.063 meter-ohms at the
bottom-hole temperature of 138°F. There-
fore, R, = 6 X 0.063 or 0.38 meter-ohms.
This checks well with the value obtained
by the electrical log between the depths of
4100 and 4120 ft., which is o.40 (see
amplified third curve). Therefore, invasion
probably is not seriously affecting the
third curve. From Tables 1 and 2 it appears
that the borehole and electrode spacing do
not seriously affect the observed resistivity
at 4075 ft. The connate water is approxi-

mately \/05'3;8’ or o.27.

Other uses of the empirical relations may
have occurred to the reader. One would be
the possibility of approximating the maxi-
mum resistivity that the invaded zone
could reach (when formation water has a
greater salinity than borehole mud) by
Eq. 1, where R, would now be the resistiv-
ity of the mud filtrate at the temperature of
the formation and F the resistivity factor
of the formation near the borehole. By
knowing the maximum value of resistivity
that the invaded zone could reach, the
limits of usefulness of the log could be
better judged. For example, assume that a
porous sand having an F factor of less than
15 was under consideration. If the mud
filtrate resistivity were o.5 meter-ohms, the
resistivity of the invaded zone, if com-
pletely flushed, would be 15 X 0.5 = 7.5.
Thus the observed resistivity values of this
sand up to approximately 7.5 meter-ochms
could be due to invasion.
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DISCUSSION
(H. F. Beardmore presiding)

S. W. WiLcox,* Tulsa, Okla.—This paper
recalls some of my own observations on the
correlation of the electrical resistance of earth
materials with their other physical properties.
While Geophysical Engineer for the Depart-
ment of Highways, of the State of Minnesota,
from 1933 until 1936, I was primarily engaged
in conducting earth-resistivity surveys pros-
pecting for and exploring sand and gravel
deposits. This work was done by two field
parties using equipment of the Gish-Rooney
type, and was carried out in every part of the
state, both winter and summer.

In brief, when a sand or gravel prospect was
discovered, in any way, it was detailed by the
resistivity survey to outline its extent and to
locate test holes for field and laboratory sample
analysis. This survey consisted of a grid of
‘“steptraverses” of one or more electrode
separations, and for each an “iso-ohm,” or
equal resistance contour plan map, was drawn.

Several thousand earth-resistivity readings
were taken over more than one hundred
prospects. In some instances the test pitting
was started before the completion of electrical
survey and their findings were soon available
for checking any suspected correlation theory
and confirming what subsurface factors were
being measured and how effectively.

From accepted earth-resistivity theory, it
follows that within a definite sphere surround-

* Seismograph Service Corporation.

ing the electrodes the apparent resistance
measurement is uniquely determined from the
specific resistance and position of each and all
of the particles making up the sphere. Any
rational interpretation of these apparent resist-
ance measurements is possible only for the
simplest combinations of particles and their
specific resistances. Fortunately, soils, sub-
soils and subsurface rocks, with their embodied
fluids and gases, vary greatly in this property
among themselves. For example, clay appears
to have an average specific resistance of
approximately 5o to.1so foot-ohms, whereas
for sand and gravel the specific resistance is
roughly from 2000 to 3000 foot-ohms. The
important feature is the great absolute differ-
ences in resistance, consequently a resistance
profile across a buried lens of sand or gravel sur-
rounded by clay produces a striking response.

In spite of the amount of control available
and the freedom for selecting various electrode
intervals, no reliable quantitative predictions
could be made that were not related to bound-
ary surfaces. The probable depth to the first
discontinuity—namely, the clay-sand contact
—could be determined fairly accurately if the
thickness of the sand body was considerable.
When the depth to the sand was known from
independent data, or could be assumed to be
constant, it was possible to predict its thick-
ness. If both were known, a good guess might
be made regarding the depth to the water
table; and, in addition, if all these were known,
a surmise could be made about the quality of
the sand; i.e., whether it contained organic
material or was weathered. Perhaps if the
degrees of control were sufficient the porosity of
the sand, its grain size, or even its temperature
might be predicted.

I observed that few of these variables, even
the ones that generally contribute to the bulk
of the readings, could be quantitatively
separated without additional independent data;
therefore my interpretation was necessarily
empirical and based on experience. Fortun-
ately, in sand and gravel prospecting the
economically most important factors contribute
their effects in the same direction. A high
apparent resistance indicates either a thin body
of highly resistant gravel near the surface, or a
thicker one overlain with more clay stripping.
Clean gravel is more resistant than weathered,
and hard gravel more so than soft.
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In practical terms, I found that an apparent
resistance reading of soo foot-ohms for a
20-ft. electrode separation recorded over
ground or glacial moraines of southern Minne-
sota reliably suggested a deposit of sand or
gravel worth further investigation. As a matter
of record, prospecting in the part of the state
where these materials are very scarce, less than
3 per cent of the test holes located on the
geophysical information failed to yield granular
materials of commercial quality and quantity
for at least highway subgrade treatment.
Varying the electrode interval gave additional
confirmation as to the thickness of the deposit
and very little else.

In connection with our field work, we made
extensive laboratory studies, attempting to
work out the relation between the moisture
content of sand and gravel and its specific
resistance. These apparently simple cxperi-
ments were not of much help in clearing up my
field interpretations. Several variables were
very hard to control in the laboratory.

The analogy between this type of carth-
resistivity mapping and electrologging is close.
The first measures electrical impedance along a
surface generally parallel to the bedding planes;
the latter, up a borehole more or less perpen-
dicular to them. The same general limitations
and possibilities appear to be common to both
methods. Obviously, controls for checking are
easier to obtain for plan mapping than for
well logging within the depth of effective
penetration.

My interpretation problems appeared to be
essentially similar to those of electrical well
logging where the operator, after observing
the character of the resistance and the self-
potential curves, tells his client whether pipe
should be set. The accuracy of his prediction is
based largely on experience and not on slide-
rule calculations.

Mr. Archie’s paper suggests an experimental
attack for expanding and improving the
interpretation technique of electrical well
logging. Any contribution of this nature that
increases its effectiveness is of great value to
the petroleum industry. I offer my own experi-
ences and observations to emphasize that he
has tackled a difficult research problem and
wish him luck.

Dr. A. G. Loowis,* Emeryville, Calif.-—In
the laboratory, we take into account the varia-
tions in measured resistivities of sands and tap
water by finding out the cause of the variations
in resistivity. That is, if the tap water itself
varied from day to day, its electrolyte content
must vary from day to day and chemical
analysis would indicate the change. If sands
did not give consistent resistivity readings, the
character of the sands (in other words, the
formation resistivity factor) probably changed
or the kind and amount of water contained in
the sand must have varied.

* Shell Development Co.
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STRATIGRAPHIC AND HYDROGEOLOGIC FRAMEWORK
OF PART OF THE COASTAL PLAIN OF TEXAS

By

E. T. Baker, Jr.

ABSTRACT

The subsurface delineation of hydrogeologic units of Miocene and younger
age and stratigraphic units of Paleocene to Holocene age establishes an
interrelationship of these units Statewide across much of the Coastal Plain
of Texas. The 11 dip sections and 1 strike section, which extend from the
land surface to 7,600 feet (2,316 meters) below sea level, provide continuity
of correlation from the outcrop to the relatively deep subsurface. Sand
containing water with less than 3,000 milligrams per liter of dissolved solids,
which is shown on the sections, serves as an index of water availability
of this quality.




INTRODUCTION

This report has been prepared to illustrate the stratigraphic and
hydrogeologic framework of a part of the Coastal Plain of Texas from the
Sabine River to the Rio Grande. It is the outgrowth of a project that has
as its ultimate objective the construction of a digital ground-water flow
model, if feasible or desirable, of at least a part of the Miocene aquifers
in the Gulf Coastal Plain of Texas. The model would serve as a tool for
planning the development of the ground-water supplies. Work on the project
is being done by the U.S. Geological Survey in cooperation with the Texas
Water Development Board.

During the course of delineating the Miocene aquifers, which is basic
to the design and development of the model, the scope of the study was
broadened to include delineations of other hydrogeologic units, as well
as delineations of stratigraphic units. As a result, units ranging in age
from Paleocene to Holocene were delineated (table 1). A relationship of
stratigraphic units to designated hydrogeologic units was thus established
Statewide.

Eleven dip sections and one strike section are included in this report.
The dip sections are spaced about 50 miles (80 km) apart with the most
easterly one being near the Sabine River and the most southerly one being
near the Rio Grande. Each dip section is about 100 miles (161 km) long and
extends from near the coastline to short distances inland from the outcrop
of the oldest Miocene formation--the Catahoula Tuff or Sandstone. The strike
section, which is about 500 miles (804 km) long (in three segments), extends
from the Sabine River to the Rio Grande and joins the dip sections at common
control points. This section is from 50-75 miles (80-121 km) inland from
the Gulf of Mexico and is essentially parallel to the coastline. The loca-
tion of the sections and the Catahoula outcrop are shown on figure 1.

The sections extend from outcrops at the land surface to maximum depths
of 7,600 feet (2,316 m) below sea level. Selected faunal occurrences, where
known or inferred by correlation from nearby well logs, are included.

The extent of sand that contains water having less than 3,000 mg/L (milligrams
per liter) of dissolved solids was estimated from the electrical characteris-
tics shown by the logs. This information is included on all of the sections.

Although faulting is common in the Coastal Plain and is complex in
some areas, all faults have been omitted from the sections to maintain
continuity of the stratigraphic and hydrogeologic boundaries. The disad-
vantage of such omission is, of course, the representation of an unrealistic
and simplistic picture of unbroken stata with uninterrupted boundaries. 1In
reality, many of the faults have not only broken the hydraulic continuity of
the strata but more importantly have become barriers to fluid flow or conduits
for cross-formational flow. The sections are presented in this report as
figures 2-15.
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From Multiply To obtain
Unit Abbrevi- by Unit Abbrevi-
ation ation
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miles - 1.609 kilometers km
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STRATIGRAPHIC FRAMEWORK
General Features of Deposition and Correlation Problems

Cenozoic sediments that underlie the Coastal Plain of Texas are tens
of thousands of feet thick at the coastline. These clastic sediments of
sand, silt, and clay represent depositional environments ranging from non-
marine at the outcrops of most units to marine where the units may carry
a distinctive suite of fossils. Oscillations of ancient seas and changes
in amount and source of sediments that were deposited caused facies changes
downdip and along strike. For example, a time-stratigraphic unit having age
equivalency may consist of sand in one area, sandy clay in a second area,
and clay in a third area. Subsidence of the basin of deposition and rising
of the land surface caused the stratigraphic units to thicken Gulfward.
Growth faults (faults that were more or less continuously active) greatly
increased the thickness of some stratigraphic units in short distances.

All of these factors contributed to the heterogeneity of the units from
place to place, which in turn makes correlation difficult.

Stratigraphic Units

In the discussion to follow, emphasis will be placed on stratigraphic
units that are designated in this report as Miocene in age. Many of the
correlation problems of the Cenozoic deposits involve these units to a large
degree. Also the main thrust of this report is directed at the Miocene in
keeping with the ultimate objective of modeling the flow in the Miocene
aquifers.

The stratigraphic nomenclature used in this report was determined from
several sources and may not necessarily follow the usage of the U.S. Geologi-
cal Survey.

Pre-Miocene

Delineation of most of the pre-Miocene units of Cenozoic age present
relatively few problems of significance. This is especially true of the
pre-Jackson units (Midway Group to Yegua Formation). The top of the Car-
rizo Sand of the Claiborne Group (included with the underlying Wilcox Group
on the sections) can be easily delineated, which makes the position of the
unit ummistakable in the subsurface. From about the Sabine River to the
San Marcos Arch (section F-F', fig. 7, is centered over this structural
feature) the top of the Carrizo-Wilcox is about 3,000 feet (914 m) beneath
the landward edge of the Catahoula outcrop. Southward from the San Marcos
Arch into the Rio Grande Embayment of south Texas, its position steadily
increases in depth to more than 7,000 feet (2,134 m) at the western end of
section K-K' (fig. 12).

-20-



Facies changes occur downdip in the Sparta and Queen City Sands of
the Claiborne Group, and where these units grade into clay, delineation on
a time-stratigraphic basis is virtually impossible from electrical-log
interpretation. The same problem affects the Yegua Formation of the Claiborne
Group, although the Yegua remains sandy for greater distances downdip. It
can be delineated by lithology on most of the sections in this report. Also,
the presence of important faunal markers such as Nonionella cockfieldensis
and Ceratobulimina eximia aid in locating the approximate top and base,
respectively, of the Yegua, regardless of its lithology.

The delineation of the Jackson Group is significant in establishing
the framework for the Miocene units. This is because the outcropping Frio
Clay of Oligocene(?) age of south Texas is completely overlapped in Live
Oak County by the Miocene Catahoula (or is not recognized on the surface
east of this area). The overlap places the Catahoula in contact with part
of the Whitsett Formation, the uppermost formation of the Jackson Group in
this area. East of the overlap to the Sabine River, careful attention was
required to properly separate on the sections the tuffaceous sand and clay
interbeds of the Whitsett from the tuffaceous sand and clay interbeds of
the overlying Catahoula. From Live Oak County southward, the outcropping
Frio Clay separates the Whitsett Formation from the Catahoula Tuff.

The age of the Whitsett, although shown in table 1 as Eocene in south-
central Texas, may be at least in part Oligocene in the eastern part of the
State. Eargle, Dickinson, and Davis (1975) consider the Whitsett to be
Eocene at least from central Karnes County to southern McMullen County.
Barnes (1975) likewise considers the Whitsett to be unquestionably Eocene
no farther east than central Karnes County. From this area to the Sabine
River, Dr. V. E. Barnes (written commun., Apr. 5, 1971) states that the
Whitsett may 'climb timewise eastward'" and be largely Oligocene in east
Texas; that the Nash Creek Formation of Louisiana, which is considered to
be largely Oligocene, is equivalent to the Whitsett as mapped in Texas near
the Sabine River; and the Oligocene vertebrates, which Dr. J. A. Wilson
(Dept. of Geologic Sciences, University of Texas at Austin) collected from
the Whitsett in Washington County, show that this formation is at least part
Oligocene at that site. Because of the probability that the Whitsett is
Oligocene, in part or in whole in much of the area, the delineation of the
Eocene Jackson Group is shown on the sections to include the Whitsett
Formation.
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The Frio Clay of Oligocene(?) age has been a controversial unit for
decades. Geologists still do not agree on its subsurface equivalents or if
it is even a separate stratigraphic unit from the Catahoula. The fact that
many geologists have mapped the unit from Live Oak County to the Rio Grande
lends support to the existence of the Frio Clay as a formation. The Geologic
Atlas of Texas (Barnes, 1976a,b,c) shows that the Frio is mapped separately
as a distinct formation from its overlap in Live Oak County to southern
Webb County; from there to the Rio Grande, the Frio is undifferentiated from
the Catahoula. The Frio outcrop that was used for control at the surface
on the dip sections H-H' to K-K' (figs. 9-12) was modified from Darton,
Stephenson, and Gardner (1937) and from Barnes (1976a,b,c). East of the
overlap in Live Oak County the Frio is presumed to be present in the shallow
subsurface beneath the Catahoula with the erosional edge probably only a
few miles downdip from the edge of the Catahoula outcrop.

The Frio Clay at the surface has been interpreted by the author to be,
at least in part, the nonmarine time-equivalent of the subsurface Vicksburg
Group--a marine biostratigraphic unit of Oligocene age that crops out east
of the Sabine River and is characterized by the foraminifer Textularia
warreni. The relationship is supported by Deussen and Owen (1939, p. 1630)
and by the Houston Geological Society (1954). The Vicksburg equivalent east
of Karnes County may also be at least a partial time-equivalent of the Whit-
sett, whose probable Oligocene age in this area may, in itself, indicate an
equivalency. Ellisor (1944, fig. 1, and p. 1365) supports this probability
and illustrates the relationship in a geologic section. Additionally, this
probability is supported by the apparent correlation of the outcrop of the
Vicksburg Group in Louisiana near the Sabine River as shown on the geologic
map of Louisiana (Wallace, 1946) with the outcrop of the Whitsett Formation
as shown on the Geologic Atlas of Texas (Barnes, 1968b). This relationship
may be inferred on the dip sections from A-A' to at least F-F' (figs. 2-7)
where the Vicksburg equivalent, if projected to the outcrop, would intersect
the outcropping Whitsett.

Miocene

The stratigraphic framework of the units that are designated in this
report as Miocene in age is complex and controversial, perhaps more so than
any other Cenozoic units. Geologists do not agree which units on the sur-
face or in the subsurface are Miocene nor do they agree as to the relation-
ship of the surface and subsurface units. The correct relationship may never
be determined because faunal markers, which exist in places in the subsur-
face, do not extend to the outcrop; and the heterogeneity of the sediments
does not facilitate electrical-log correlations.

‘ The outcropping stratigraphic units that are assigned to the Miocene

in this report are, from oldest to youngest, the Catahoula Tuff or Sand-
stone, Oakville Sandstone, and Fleming Formation. The "Frio" Formation,
Anahuac Formation, and a unit that is referred to in this report as the upper
part of the Catahoula Tuff or Sandstone are assigned by the author as possi-
ble downdip equivalents of the surface Catahoula although the Anahuac and
"Frio" Formations may be Oligocene in age. Table 1 and the dip sections
(figs. 2-12) illustrate this relationship.
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The outcrop of the Catahoula, a pyroclastic and tuffaceous unit, has
been mapped independently by various geologists with little modification
from the Sabine River to the Rio Grande. Darton, Stephenson, and Gardner
(1937) modified the unit's name from Catahoula Tuff to Catahoula Sandstone
east of Lavaca County where the formation becomes more sandy.

It may be seen on the sections that the thickness of the surface Cata-
houla increases downdip at a large rate in the subsurface to eventually
include, when the Anahuac Formation is reached, the "Frio" Formation which
underlies the Anahuac, the Anahuac, and the upper Catahoula unit. Deussen
and Owen (1939, figs. 5, 6, p. 1632, and table 1), in a study of the surface
and subsurface formations in two typical sections of the Texas Coastal Plain
(one in east Texas, the other in south Texas) agree with this relationship.
They disagree, however, with these units being Miocene and assign them to
the Oligocene. Some oil-company geologists consider the Anahuac and '"Frio"
as separate formations (unrelated to the Catahoula) in the subsurface and
also assign them to the Oligocene. As a consequence of this usage, the upper
Catahoula unit of this report is then usually referred to as 'Miocene,"
which term is used instead of, or interchangeably with, Fleming. Holcomb
(1964, fig. 2) in a study of the subsurface "Frio" Formation of south Texas
places the '"Frio'" and Anahuac Formations, as well as the surface Catahoula
in the Miocene, but does not admit to any Catahoula occurring above the
Anahuac. He indicates that the '"Fleming Formation" (Oakville Sandstone and
Fleming Formation of this report) rests on the Anahuac. Dip sections, espe-
cially F-F', G-G', and H-H' (figs. 7-9), show unmistakably that the Catahoula-
Oakville contact on the surface can be accurately traced far enough downdip
by means of electrical logs to show that the clearly discernible contact is
several hundred feet above the Anahuac. For this reason, the upper Catahoula
unit above the Anahuac cannot be the Oakville. This contention is supported
by Meyer (1939, p. 173) and by Lang and others (1950, plate 1).

The Anahuac Formation, despite the controversial attention it receives,
is one of the most discernible formations in the subsurface. This marine
biostratigraphic unit carries a rich microfauna of many tens of diagnostic
species. These species are categorized into the Discorbis zone, Heterostegina
zone, and Marginulina zone, from youngest to oldest. Only a few of the
diagnostic species (table 1) are included with the dip sections in this
report. The updip limit of the marine facies of the Anahuac ranges in depth
from about 2,500 feet (762 m) below land surface in east Texas to about 4,000
feet (1,219 m) in the Rio Grande Embayment in south Texas. The unit is quite
sandy south of San Patricio County (south of section H-H', fig. 9) to the
Rio Grande in contrast to its shaly character eastward from San Patricio
County to the Sabine River.

The Oakville Sandstone and Fleming Formation are composed almost entirely
of terrigenous clastic sediments that form sand and clay interbeds. Both
formations are basically rock-stratigraphic units that are distinguished
and delineated on the basis of lithologic characteristics. Their boundaries
in the Coastal Plain of Texas are discernible contacts in some areas and
arbitrary ones within zones of lithologic gradation in other areas.
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The Oakville Sandstone is most prominent on the surface and in the
subsurface in the central part of the Coastal Plain. Here its predominantly
sandy character is distinguished from the underlying tuffaceous Catahoula
and overlying Fleming, which is composed of clay and slightly subordinate
amounts of sand.

The Oakville on the surface has been mapped as a formation from about
the Brazos River at the Washington-Grimes County line to central Duval
County, where its outcrop is overlapped by the Goliad Sand and remains over-
lapped to the Rio Grande. Beneath this overlap, the Oakville apparently
decreases in thickness or loses its predominance of sand or both. 1In either
case, its position in the shallow subsurface in parts of the Rio Grande Embay-
ment is questionable on dip sections I-I' and K-K' (figs. 10, 12). 1In the
vicinity of the Brazos River, the Oakville grades eastward into the base of
the Fleming Formation and loses its identity. The position of the base of
the Oakville in the deeper parts of the subsurface has been delineated on
some of the sections merely as an approximation.

The Fleming Formation, the uppermost unit of Miocene age in the Coastal
Plain, has been mapped on the surface in Texas from the Sabine River to
central Duval County. From here, like the Oakville, it is overlapped by
the Goliad Sand and remains beneath the Goliad to the Rio Grande.

The Fleming is lithologically similar to the Oakville but can be easily
separated from the Oakville in some places by its greater proportion of
clay. Plummer (1932, p. 744, 747) described the Lagarto as consisting of
75 percent marl or clay, 15 percent sand, and 10 percent silt, with the
clay beds being thicker and more massive and the sand beds being thinner and
less massive than those of the Oakville. This description is reasonably
accurate in some areas of the outcrop and shallow subsurface where the
Fleming is separated from the Oakville. (See sections I-I', J-J', and L-L',
figs. 10, 11, and 13.) 1In other areas, the Fleming on the outcrop and in
the shallow subsurface contains a ratio of sand to clay that approximates
that of the Oakville. Where the Fleming Formation is not separated from the
Oakville and directly overlies the Catahoula, from about Grimes County to
the Sabine River, the percentage of sand in the formation increases eastward.
In Jasper and Newton Counties, the amount of sand in the section above the base
of the Fleming greatly exceeds the amount of clay. This can be seen in wells
30 and 31 on strike section L"-L'"' (fig. 15).

Delineation of the base of the Fleming from the surface to the deep
subsurface has not been attempted on most of the sections because of complex
facies changes. In southeast Texas on sections A-A', B-B', and C-C' (figs.
2-4) an approximate base of the Fleming is shown downdip to short distances
beyond the pinchout of the Anahuac. The preponderance of sand above the
Anahuac in this area, however, makes any delineation on the basis of elec-
trical logs speculative. Deep wells near the coastline penetrate marine
facies of the Fleming which carry a diagnostic fauna. Numerous species,
which serve to identify the formation, have been described by Rainwater (1964).
Potamides matsoni, Amphistegina sp., Bigenerina humblei, and Bigenerina
nodosaria var. directa are faunal markers indicated on some of the sections.
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Post-Miocene

Delineation of the stratigraphic units of Pliocene, Pleistocene, and
Holocene age has not been attempted. Correlation problems with most of these
stratigraphic units are too numerous to solve by using only electrical logs.
Delineation of the Pleistocene units--Willis Sand, Bentley Formation, Mont-
gomery Formation, and Beaumont Clay--is exceedingly difficult due to the litho-
logic similarity of the sediments and lack of paleontological control. The
contact at the surface of the basal Quaternary with the Goliad Sand or older
units is, however, shown on the dip sections.

The Goliad Sand of Pliocene age overlies the Miocene units in the deep
subsurface as well as in places on the surface. Except for a few isolated
outcrops, it is otherwise entirely overlapped on the surface east of Lavaca
County by Pleistocene deposits. Its inland extent beneath the overlap is
presumed to be only several miles southeast from the most downdip exposures
of the Fleming Formation. From Lavaca County to the Rio Grande, the width
of the Goliad outcrop gradually increases because the Goliad progressively
overlaps older units in the Rio Grande Embayment of south Texas.

The Goliad Sand can usually be identified on the surface and in the
subsurface by a preponderance of sand except in the far eastern part of
the State where sand predominates from the base of the Miocene to the sur-
face. In this area, the identity of the Goliad cannot be established with
certainty. Delineation of the base of the Goliad has been made, where out-
crop control is available, on the strike and dip sections west of Colorado
County. The base of the Goliad has been approximated at about 2,200 feet
(671 m) below sea level near the coastline on sections I-I' and J-J' (figs.
10, 11).

HYDROGEOLOGIC FRAMEWORK

The following discussion is restricted to the hydrogeologic framework
of five units--Catahoula confining system (restricted), Jasper aquifer,
Burkeville confining system, Evangeline aquifer, and Chicot aquifer. A
discussion of other hydrologic units of Cenozoic age is beyond the purpose
and scope of this report.

The quality of the ground water that is indicated on the sections to
be less than 3,000 mg/L of dissolved solids is referred to in this report
as fresh to slightly saline water. This terminology follows the classifi-
cation of Winslow and Kister (1956).

-25.-




Catahoula Confining System (Restricted)

The Catahoula confining system (restricted) is treated in this report
as a quasi-hydrologic unit with different boundaries in some areas than the
stratigraphic unit of the same name. Its top (base of the Jasper aquifer)
is delineated along lithologic boundaries that are time-stratigraphic in
some places but that transgress time lines in other places. Its base, which
coincides with the base of the stratigraphic unit, is delineated everywhere
along time-stratigraphic boundaries that are independent of lithology. No
attempt was made to establish a lithologic (hydrologic) base for the unit,
which would have created a distinct hydrologic unit. Such effort would have
involved a thorough hydrologic evaluation of pre-Miocene formations, which
is beyond the scope of the project.

In many places, the Catahoula confining system (restricted) is identi-
cal to the stratigraphic unit, but there are notable exceptions. These
departures of the hydrologic boundaries from the stratigraphic boundaries
are most prominent in the eastern part of the Coastal Plain near the Sabine
River (fig. 15), in places in south Texas (fig. 11), and in numerous places
at the outcrop and in the shallow subsurface. In these places, the very
sandy parts of the Catahoula Tuff or Sandstone (stratigraphic unit) that
lie immediately below the Oakville Sandstone or Fleming Formation are included
in the overlying Jasper aquifer. This leaves a lower section from 0 to 2,000
feet (610 m) or more in thickness that consists predominantly of clay or
tuff with some interbedded sand to compose the Catahoula confining system
(restricted). In most areas, this delineation creates a unit that is gen-
erally deficient in sand so as to preclude its classification in these areas
as an aquifer. Thus in much of its subsurface extent, the Catahoula con-
fining system (restricted) functions hydrologically as a confining layer that
retards the interchange of water between the overlying Jasper aquifer and
underlying aquifers.

The amount of clay and other fine-grained clastic material in the
Catahoula confining system (restricted) generally increases downdip, until
the Anahuac Formation is approached. Below this unit, the '"Frio" Formation
becomes characteristically sandy and contains highly saline water that extends
to considerable depths.

Jasper Aquifer

The Jasper aquifer, which was named by Wesselman (1967) for the town
of Jasper in Jasper County, Texas, has heretofore not been delineated far-
ther west than Washington, Austin, and Fort Bend Counties. In this report,
a delineation as far downdip as possible has been made of the Jasper from
the Sabine River to the Rio Grande.

The configuration of the Jasper aquifer in the subsurface, as shown on
the sections, is geometrically irregular. This irregularity is due to the
fact that the delineation was necessarily made on the basis of the aquifer
being a rock-stratigraphic unit. The hydrologic boundaries were defined by
observable physical (lithologic) features rather than by inferred geologic
history.
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The configuration of the base and top of the Jasper transgresses strati-
graphic boundaries along strike and downdip. The lower boundary of the aqui-
fer coincides with the stratigraphic lower boundary of the Oakville or
Fleming in some places. In other places the base of the Jasper lies within
the Catahoula or coincides with the base of that unit. The top of the aqui-
fer is within the Fleming Formation in places, follows the top of the Oak-
ville Sandstone in other places, and is within the Oakville in still other
places.

The Jasper ranges in thickness from as little as 200 feet (61 m) to
about 3,200 feet (975 m). The maximum thickness occurs within the region
of highly saline water in the aquifer. An average range in thickness of
the aquifer within the zone of fresh to slightly saline water is from about
600 to 1,000 feet (183 to 305 m). In the eastern part of the Coastal Plain
of Texas the Jasper contains a greater percentage of sand than in the south-
ern part. At the Sabine River, the Jasper attains a thickness of 2,400 feet
(732 m) in well 31 on section L"-L"' (fig. 15), where the aquifer is com-
posed almost entirely of sand. Fresh to slightly saline water, as shown on
section D-D' (fig. 5), occurs as deep as 3,000 feet (914 m) below sea level.

Delineation of the Jasper aquifer in Louisiana (Whitfield, 1975), in
western Louisiana and eastern Texas (Turcan, Wesselman, and Kilburn, 1966),
and in Jasper and Newton Counties, Texas (Wesselman, 1967) shows that the
thickness of the Jasper at the Sabine River closely approximates that given
by the author. For example, the author assigns a thickness of 2,400 feet
(732 m) to the Jasper in well 31 on section L"-L'"' (fig. 15), and the authors
cited above show essentially the same thickness at the site. This agreement
in aquifer thickness, however, is contrasted to different interpretations of
the stratigraphic composition or age of the aquifer near the Sabine River.
The authors cited above restrict the Jasper to a part of the Fleming Forma-
tion, whereas this paper redefines the Jasper at its type locality near
the Sabine River to include the upper part of the Catahoula of Texas in
addition to the lower part of the Fleming of Texas. (This redefinition
applies only to the area of the type locality and is thus only locally valid.
Elsewhere in the Coastal Plain of Texas the Jasper assumes a different
stratigraphic makeup.)

The stratigraphic discrepancies at the Texas-Louisiana border are
attributed to different interpretations of the surface geology at the State
line. The Palestine quadrangle of the Geologic Atlas of Texas (Barnes,
1968b) shows the Catahoula outcrop to be about 6 miles (9.7 km) wide at
the Sabine River, whereas Welch (1942) shows the outcrop in Louisiana to be
about 1 mile (1.6 km) wide. A close comparison of the two geologic maps
indicates that in Louisiana the Lena, Carnahan Bayou, and at least part
of the Dough Hills Members of Fisk (1940) of the Fleming Formation of Kennedy
(1892), in addition to the Catahoula of Welch (1942), are equivalent to the
Catahoula of Texas. Wesselman (1967) assigned the Carnahan Bayou Member
as the basal part of the Jasper, which is reasonable; but this member is
Catahoula in age in Texas. As long as the discrepancy in geologic mapping
is unresolved, subsurface correlations of the Catahoula-Fleming contact, as
well as formation thicknesses, will continue to differ.
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Burkeville Confining System

The Burkeville confining system, which was named by Wesselman (1967)
for outcrops near the town of Burkeville in Newton County, Texas, is delin-
eated on the sections from the Sabine River to near the Rio Grande. It
separates the Jasper and Evangeline aquifers and serves to retard the inter-
change of water between the two aquifers.

The Burkeville has been mapped in this report as a rock-stratigraphic
unit consisting predominantly of silt and clay. Boundaries were deter-
mined independently from time concepts although in some places the unit
appears to possess approximately isochronous boundaries. In most places,
however, this is not the case. For example, the entire thickness of sedi-
ment in the Burkeville confining system in some areas is younger than the
entire thickness of sediment in the Burkeville in other places. |

The configuration of the unit is highly irregular. Boundaries are not
restricted to a single stratigraphic unit but transgress the Fleming-Oakville
contact in many places. This is shown on sections D-D' to G-G' and J-J'
(figs. 5-8 and 11). Where the Oakville Sandstone is present, the Burkeville
crops out in the Fleming but dips gradually into the Oakville because of
facies changes from sand to clay downdip.

The typical thickness of the Burkeville ranges from about 300 to 500
feet (91 to 152 m). However, thick sections of predominantly clay in Jack-
son and Calhoun Counties account for the Burkeville's gradual increase to
its maximum thickness of more than 2,000 feet (610 m) as shown on section
F-F' (fig. 7).

The Burkeville confining system should not be construed as a rock unit
that is composed entirely of silt and clay. This is not typical of the
unit, although examples of a predominance of silt and clay can be seen in
some logs in sections H-H' and I-1' (figs. 9-10). In most places, the
Burkeville is composed of many individual sand layers, which contain fresh
to slightly saline water; but because of its relatively large percentage
of silt and clay when compared to the underlying Jasper aquifer and over-
lying Evangeline, the Burkeville functions as a confining unit.

Evangeline Aquifer

The Evangeline aquifer, which was named and defined by Jones (Jones,
Turcan, and Skibitzke, 1954) for a ground-water reservoir in southwestern
Louisiana, has been mapped also in Texas, but heretofore has been delineated
no farther west than Washington, Austin, Fort Bend, and Brazoria Counties.
Its presence as an aquifer and its hydrologic boundaries to the west have
been a matter of speculation. D. G. Jorgensen, W. R. Meyer, and W. H.
Sandeen of the U.S. Geological Survey (written commun., March 1, 1976)
recently refined the delineation of the aquifer in previously mapped areas
and continued its delineation to the Rio Grande. The boundaries of the
Evangeline as they appear on the sections in this report are their determi-
nations.

-28-




The Evangeline aquifer has been delineated in this report essentially
as a rock-stratigraphic unit. Although the aquifer is composed of at least
the Goliad Sand, the lower boundary transgresses time lines to include sec-
tions of sand in the Fleming Formation. The base of the Goliad Sand at
the outcrop coincides with the base of the Evangeline only in south Texas
as shown in sections H-H' to K-K' (figs. 9-12). Elsewhere, the Evangeline
at the surface includes about half of the Fleming outcrop. The upper boundary
of the Evangeline probably follows closely the top of the Goliad Sand where
present, although this relationship is somewhat speculative.

The Evangeline aquifer is typically wedge shaped and has a high sand-

clay ratio. Individual sand beds are characteristically tens of feet thick.
Near the outcrop, the aquifer ranges in thickness from 400 to 1,000 feet
(122 to 305 m), but near the coastline, where the top of the.aquifer is about
1,000 feet (305 m) deep, its thickness averages about 2,000 feet (610 m).
The Evangeline is noted for its abundance of good quality ground water and
is considered one of the most prolific aquifers in the Texas Coastal Plain.
Fresh to slightly saline water in the aquifer, however, is shown to extend
to the coastline only in section J-J' (fig. 11).

Chicot Aquifer

The Chicot aquifer, which was named and defined by Jones (Jones, Tur-
can, and Skibitzke, 1954) for a ground-water reservoir in southwestern
Louisiana, is the youngest aquifer in the Coastal Plain of Texas. Over
the years, the aquifer gradually was mapped westward from Louisiana into
Texas where, heretofore, its most westerly mapped limit was Austin, Fort
Bend, and Brazoria Counties. In this report, the delineation of the Chicot
was refined in previously mapped areas and extended to near the Rio Grande
by D. G. Jorgensen, W. R. Meyer, and W. M. Sandeen of the U.S. Geological
Survey (written commun., March 1, 1976).

It is believed that the base of the Chicot in some areas has been
delineated on the sections in this report as the base of the Pleistocene.
Early work in southeast Texas indicates that the Chicot probably comprises
the Willis Sand, Bentley Formation, Montgomery Formation, and Beaumont Clay
of Pleistocene age and any overlying Holocene alluvium (table 1). The
problem that arises in this regard is that the base of the Pleistocene is
difficult to pick from electrical logs. Thus any delineation of the base
of the Chicot in the subsurface as the base of the Pleistocene is automati-
cally suspect. At the surface, the base of the Chicot on the sections has
been picked at the most landward edge of the oldest undissected coastwise
terrace of Quaternary age. In practice, the delineation of the Chicot in
the subsurface, at least on the sections in southeast Texas, has been based
on the presence of a higher sand-clay ratio in the Chicot than in the under-
lying Evangeline. In some places, a prominent clay layer was used as the
boundary. Differences in hydraulic conductivity or water levels in some
areas also served to differentiate the Chicot from the Evangeline.
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The high percentage of sand in the Chicot in southeast Texas, where
the aquifer is noted for its abundance of water, diminishes southwestward.
Southwest of section G-G' (fig. 8) the higher clay content of the Chicot
and the absence of fresh to slightly saline water in the unit is sharply
contrasted with the underlying Evangeline aquifer that still retains rela-
tively large amounts of sand and good quality water.
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Abstract

The area of review, for a hazardous waste disposal well, is defined
as the radial distance from the receiving well in which the pressure,
caused by inject::n, increases sufficiently to poseibly cause migratiom of
fluids into usea-' = sources of drinking water (USDW). Among the potential
conduits for fluid migration from the disposal formation are improperly
plugged well bores, channeling behind the casing of the injection w
faulted formations, solution channels, naturally fractured formation
facies pinch-outs. Usually faults, solution channels and most other
naturally occurring geological conduits are filled with native fluids and
are frequently sealed from USDWs by secondary mineralization. This paper

concerns itself with oanly those conduits that are man-made.

Man-made conduits such as old abandoned test hcles or oil and gas
wells are sealed with cement plugs and drilling mud. The static mud
- column provides substantial resistamce to upward flow. Most mud systems
develop a gel structure when allowed to remain quiescent. To initiate
flow up an improperly abandoned well bore, the pressure in the disposal
zone must exceed the sum of the static mud columm pressure and the mud gel
strength pressure. If the sum of these values is not exceeded during the
life of a hazardous waste disposal well, there 18 no potential for
contamination of USDWs. This paper presents a simplified procedure which
can be used to calculate that effected area.

Introduction

The area of review, for a deep injection well, is determined by the
zone of endangering influence for the life expectancy of that well. The
zone of endangering influence is defined as that area the radius of whict
is the lateral distance in which pressures in the injection zone may cause
the migration of the injection and/or formation fluid into an underg
source of drinking water (USDW).
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review are the radial extent of ground
water movement from the well bore, the rate of pressure build-up in the
reservoir, through time, at various distances from the well bore and the
potential for upward migration of fluids through man-made coaduits.

Factors affecting this area of

The prediction of the probable rate of pressure increase and radial
fluid movement in the disposal reservoir, resulting from the injection of
fluids is a problem often confronted by injection well operators and
regulatory agencies. Fluid injected 1into a formation which is already
liquid filled will result in an increase in pressure in that formation.
This injected fluid wust be accommodated by either one or a combination of
the following; expansion of the pore space in the matrix rock, compression
of either or both the formation and injected fluids or expulsion of the

formation water.

The resulting increase in pressure in the receiving formation due to
the injection of fluids pose potential environmental threats to our USDWs
if any man-made conduits exist within the area of review. Among the
potential conduits for fluid migration from the disposal formation are
improperly plugged well bores, channeling behind the casing of the
injection well, faulted formations, solution channels, naturally fractured

formations or facies pinch-outs.

Factors Effecting th= Area of Review

Area of Review

The radius of the area of review for an injection well is determined
either by calculating the zone of endangering influence or by using a
fixed radius from the well bore which ever is less. The distance of the
fixed radius varies from state to state. In states where the
Environmental Protection Agency (EPA) has primacy, the fixed radius is '1/4
mile, while in primacy states or states that set their own regulatory
standards so long as they meet or exceed EPA standards, the fixed radius

varies from 1/4 mile to 2-1/2 miles.

Computation of the zone of endangering influence should be calculated
for an injection period equal to the expected life of the well. There are
several equations that can be used for determining the area of review.
The most notable and widely used is shown below (Barker, 1971; Ferris, et
al, 1962; Kruseman and DeRidder, 1970; Lohman, 1972).

42T
2 3
- v + 4 = e e o)
2 x 2! 3 x 3

where

- r2s
4Tt
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and

hydraulic head change at radius r and time t

injection rate

transmissivity

storage coefficient

time since injection began

radial distance from well bore to point of interest.

T 40 o
LI D O B B ]

For large values of time, small values of radius of investigation, or

both, Equation 1 can be reduced to:

sh = 2:30Q ;. 2.25T¢ | .
4nT  ris
Unfortunately, this equation does not address all the possible well

configurations, multiple well systems, reservoir conditions, skin effects
and other variables and combinations thereof. Warner, et al (1979) posed
the use of several equations based on specific conditions of the system
being evaluated. They indicated that an adequate approximation of the
pressure build-up caused by injection into infinite confined reservoirs
can be determined if we assume
1. Flow is horizontal.
2. Gravity effects are negligible.
3. The reservoi: is homogeneous and isotropic.
4. The injecte: and reservoir fluids have a snall and constant
compressibility.
5. The receiving reservoir is infinite in areal extent and 1is
completely confined above and below by impermeable beds.
6. Prior to injection the piezometric surface in the vicinity of the
well is horizontal, or nearly so.
7. The volume of fluid in the well is small enough so that the
effect of the wellbore can be neglected.
8. The injected fluid is taken into storage instantaneously. That
is, pressure effects are transmitted instantaneocusly through the

aquifer.

" The basic differential equation for the unsteady radial flow of a
slightly compressible fluid from an injection or other type well is
(Mat thews and Russell, 1967)

) .
ar2 rTor k ot

where:
Symbo1l Parameter or Variable Practical Units
¢ compressibility pai‘l
Q porosity decimal fraction
h ~ reservoir thickness feer (ft)
Kk pgnnea?ility millidarcies (m)
u viscosity centipoise (cp)
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psi

P pressure
q flow rate stock tank barrels/day (ST®/1
r radial distance feet (ft)

t time days (D)

ld-up equations used by Warner, et al (1979) wve:

The pressure buil !
(Pp) and dimensionless time (tp.

written using dimensionless pressure
These dimensionless quantities are groups of variables that commonly occi
in build-up equations and can be conveniently replaced by a single temm

Dimensionless time, for the units listed above is:

03
tt’_6.33x10 kt (4)
¢pCt2
In unsteady state or transient flow equations, dimensionles

is a function of dimensionless time and, perhaps, othe

pressure (Pp)
It is define

quantities, depending on the particular buildup solution.
for each equation in which it is used, throughout the Warner report.

The Warner equations presented all contain the variable §, tt
formation volume factor, which is the ratio of the volume of the flui
being injected at reservoir pressure compared with the volume
standard conditions (520°R, 14.7 pei). For liquids, f can, f¢
practical purposas, be considered to be 1.0, as in all examples in thi
report. Howev:-, fis quite variable when the injected fluid 1is ga:
When a highlv compressible fluid is being injected, f§ should
evaluated at an average reservoir pressure. In cases where the pr ur
is not known, enter a value of 8 = 1.0, obtain the approximate pre
then evaluate § (Amyx, et al, 1960‘) and recalculate the pressure.

Multiple Well Effects

As indicated in Figure 2, if we assume a constant injection rate f«
a un.gle vell penetrating the entire receiving aquifer, and adjust f«
practical units, the differential equation, Equation 3, has a solution «
the form

2
P, = P; + 70.6 348 [£i (39;‘:’;2!‘—’-—] (s)
kh kt
and for the case where 1/t4 < 0.0l. This is approximated as
P, = P; + 162.6 ws log(._‘ff.__) (6)
kh 70.4 gucr '
vhere
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Symbol Parameter of Variable Practical Units
8 formation volume factor  Std Stk Tank BEL (RB/STB)
Py reservoir pressure psi
at radius T
P initial reservoir psi
pressure

A convenient characteristic of these equations (Warner, 1579) is Fhat
the effects of individual wells can be superimposed to obtain the combined
effect of multiple wells. As indicated in Figure 3, cye pressure at any
given point in & reservoir can be evaluated by summing ;he pressures
caused by each of the individual injection wells. Assuming the same
criteria as in Equations 4 and 5 asbove, except for multiple wells, we

have

2
P =P + 70.6 [ T Goknfn g (E&S__fnf_nivis_y (7
n=] knhp kntn

where n is the well number.

For cases where 1/t4q < 0.01, an adequate approximation is

P, = Pj + 1526 [ % Sp#nfy log kptg ‘ 2)] (8)
n=1 kohg 70.4 $pkncntn

If we assume a variable injection rate for the same criteria as
previously applied, the applicable equationm is

P, =Py +70.6 [3 <GaT9g-)B gy ((39.38ucTT; (9)
- ‘-1 kh k(t-t.—l)

For cases where 1/t4 < 0.0l

P_ = P; +162.6 [ 3 da~9a-1)uf 10;(“_(.‘_‘:.‘.::1_)_ ] (10)
a=] kh 70.4 gucr?

where & is the time interval under consideration and q, is the rate
during that time interval.

) These equations are based on the principle of superposition. That
is, the pressure effects begin with the initial injection period t; anc
rate q). When a nev rate q is implemented, it is as if a new well
be;xgn to operate at that rate, with the effects superimposed on the
original well, while the original well continues to operate at rate qj.
This performance is shown diagrammatically in Figure 4.
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In computing the pressure buildup caused by multiple injection wells

operating at variable rates, the principle of superposition is applied
twice, once for computation of the pressure effects of each well and
second time in summing the effects of the individual wells. Figure
depicts two wells whose effects must be summed and Figure 3 shows
possible pattern of variable rate injection that might exist.

[AR N1}

The applicable equation is:
=0 70.6(q__-q ) 39.5¢ s c 2
PrsPi-b[E p>) ba ‘b(a-1) Ei( bbb b )] (1D
b=l a=1 iy ky(tpth(a-1)’
Where b 1s the well number, ab is the time interval under

consideration for well b, and qpa 1s the rate for well b during time
interval a. For cases where 1/t4 < 0.01, an adequate approximation is:

n -
ko (t Cha-1)’y 1 (12)

m
P_ =P + [z 162°6(qba‘qb(a—l)) log
t b=l a=l ky by (

2
70.4. b“bcbrb

In summary, these two equations state and perform the calculation for
each well, as done for the single-well variable-rate case and then sum the

effects of the wells.

Skin Effects

Warner, et. al. (1979) also addressed the effects of skin damage.
Injection wells may suffer permeability loss in the viciaity of the
wellbore during construction or operation or they may experience
permeability gain. Permeability loss can result from drilling mud
invasion, clay-mineral reactions, chemical reactions between injected and
aquifer water, bacterial growth, etc. Permeability gain can result from
chemical treatment such as acidization or from hydraulic fracturing and
other mechanical stimulation methods. These permeability changes, which
occur in the immediate vicinity of the wellbore are called "skin effects"
by the petroleum industry and are described by a "gkin factor" (van
Everdingen, 1953; Hurst, 1953). The skin factor (s) is positive for
permeability loss and negative for permeability gain.

The skin factor can vary from about ~5 for a hydraulically fractured
well to + @ for a well that is completely plugged (Earlougher, 1977).
The incremental pressure difference caused by the skin effect 1is described
by:

aPg = s q (13)
2xkh

Equation 13 is applied by combining it with equations that are
derived for pressure buildup without skin effects. For example, Equation
5 is rewritten below to include skin effects:
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yucr?
o =By + 70.6948 [Ei(39'5____‘“‘?' ) + 23] (14)
kh kt

When 1/t4q < 0.0l, an adequate approximation of Equation 14 1s:

P, = P; + 70.6 aug [ln( ke )4- 23] (15)
kh 70 .4¢pcr?

are only valid at the wellbore. No equations ari
presented here for calculation of pressure buildup near the wellbore, 11
the zone of damage or improvement, because this zone is relatively thit
and because the calculations are of relatively limited applicaton
OQutside of the skin zone, the standard equations can be applied with n
correction (Earlougher, 1977). The thickness of the skin is determined Db

(Hawkins, 1956):

Equations 14 and 15

rg = rye’ ke/k-ke (16)

Seldom if ever, will kg be known. Reasonable estimates of k
can, however, be made to allov calculation of the range of possible ski:
thicknesses. Consideration of the sources of permeability reductio
around a wellbore indicates that, in the case of wellbore damage, T
would seldom be zreater than a few feet. The radius of permeabilit
improvement can -2 greater, in the tens of feet for sn ordinary hydrauli
fracturing progrim, but probably less than 100 feet as the maximum rg
except in cases of massive hydraulic fracturing.

It should be noted that these equations can only be used for pre. ..
buildup at the well. As discussed above, & is assumed to be zero and th
ordinary buildup equations should be applied for points outside of th
skin zonme, which is estimated by Equation 16 or assumed to be less tha
100 feet, if Equation 16 can not be used. ‘

It is generally assumed, in estimating the pressure effects o
injection wells, that the wells will be drilled completely through th
Jz.njecti.on reservoir. This will usually be true, since it maxiwmizes th
injection efficiency of the well. However, for mechanical or geologica
reasons, drilling is sometimes stopped before complete penetration of th
reservoir has been achieved. Such wvells are described as partiall
penetta?ing. In other cases, a well may be drilled campletely through
reservoir, but only a part of the reservoir is completed for injectior
Fx‘gurf S depicts partially penetrating and partially completed wells. Tt
equation for pressure buildup as a result of injection into (pumping frou
such a vell (Hantush, 1964; Witherspoon, et al, 1967) is: :

141.2
P, = P; + pDPP(—-—qu (17
pucr? ’
wvhere:
1 . 1
Pppp = - [Ei ( f(r, b, 1, 4, 2)]
2 4t
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in greater pressure buildup (decline) :

d be experienced in a fully penetr--ir
The magnitude of diff.

the ratio of the radi..

Partial penetration results
and near the wellbore than woul
well for the same injection (pumping) rate.
depends on the degree of penetration, 1;
investigation to aquifer thickness, r/h; the length of the complete
l-d; and the vertical point of investigation, z. The expande
form of Equation 17 is too complex for practical use by hand and tt
number of variables so large that is 1is impractical to provide tables fo
evaluation of Pppp. Computer programs have been developed to solv
Equation 17 by Warner, et al (1979).

interval,

Warner, et al (1979) also addressed the effects of fracture
infinite semiconfined reservoirs, bounded reservoirs
reservoirs with variable permeability, reservoirs with radially varvin
permeability and fluids of variable viscosity. Although all thes
possibilities may effect pressure buildup within a reservoir an
therefore, the area of review, their specific values are rarely known
Normally these values can only be determined through well testin
utilizing pressure buildup and fall off or step rate injection testing
Reasonable estimates can normally be made with the aforementione
equations and adjusted for these parameters after operating the system fo

a reasonable period of time.

reservoirs,

Criteria for Z.:ninating Potential USDW Contamination through Geologica
Barriers

Geohydrological -actors

Several geohydrological factors must be considered when studying th
area of review for deep well injection. The subsurface environment 1is
complex physical and chemical system. Before the injection of fluids int
this system can be permitted, it must be evaluated for its ability t
contain the wastes. Upward migration of wastes can occur through eithe
natural geologic or man-made pathways. Natural geologic conduits such &
faults, solution channels or fractures are usually filled with nati:
fluids and are frequently sealed from USDWs by secondary mineralizatior
Man-made conduits such as old abandomed test holes or oil and gas well
are sealed with cement plugs and drilling muds. However, the chemic:
effects of the injected waste on the formation rock and conduits, if anj
must also be evaluated. When evaluating these phenomena, we must remembe
that chemical reactions in the subsurface are normally very slow ar
equilibrium is reached very quickly. Since fluid movement 1in ti
subsurface 1is very slow, diffusion is the primary wmixing factor ai
provides additional support to waste containment near the well bore.
we consider all the rocks that are commonly penetrated when a well
drilled, the rock most susceptible to blocking both artificial and natur:
conduits is shale. Both sandstones and carbonate rocks can beco
unstable, and fill a well bore or annular space when subjected to tecton
stresses or when the hydrostatic mud pressure is lower than the pressu
on the fluids within the rocks, particularly when the permeability is lo
The instability of shale, on the other hand, is compounded ' t
extraordinary manner that this rock is affected when exposed to wate
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Reaction of Shales and Clays

cks thati contain clay. Shale rtocks are

Shales are essentially ro
Water is squeezed out as sediments

formed by the compaction of sediments.
are buried deeper by layers deposited progressively during geologic time.

The degree of compaction of the sediments is proportional to the depth of
burial, provided the water 1is able to escape easily to permeable strata.
The younger sediments soften and disperse when mixed with water. The
older shales usually have undergone diagenesis, may remain hard and are
less easlly dispersed into water. The term shale is applied to everything
from clays to lithified materials such as slate. Soft clays are extremely
reactive with water while slates are relatively inert. Because the

various shales behave differently upon exposure to drilling fluids when
penetrated by the bit, it is useful to classify shales so that instabilicty
may be approached in a somewhat systematic manner. Such a classification

is shown in Table I.

The amount of clay, the type of clay, the depth of burial, and the
amount of water in a given shale all relate to the stability of the shale.
The amount of clay in a given shale depends on the composition of the
shale sediments at the time of deposition. The type of clay in a given
shale depends not only on sediment composition at the time of depositionm,
but also on changes that may occur in the clay after burial.

From the view -»>int of effect on hole stability, clays may be
classified broadly :- expandable and non-expandable. Expandable clays
exhibit a high degr-= of swelling when wetted with water. Expandable
clays as a group ar: called smectites. Montmorillonite (bentonite) is a
high-swelling member of the smectite group. The non-expandable clay most
commonly found in shales 1is illite. Chlorite and kaolinite are
non-expandable clays often found in shales as well. Non-expandable clays
swell much less than expandable clayes on being wetted with water. The
degree of swelling of both clay types varies greatly with the type and
amount of salt dissolved in the water with which the clay is wetted (R.E.

Grim, 1968).

The type of clay in younger sediments depends in large part on the
temperature at depth of burial. A change in clay mineralogy with depth is
illustrated in Figure 6 (W.H. Fertl and D.J. Timko, 1970). The increasing
percentage of illite with depth 1is attributable to alteration of smectite
to illite. The alteration phenomenon is called "diagenesis". Some water
of crystallization is released from the expandable clay during diagenesis.
Illite differs from montmorillonite structurally in that some of the
silicons in the outer silicate layers (R.E Grim, 1968) of 1illite are
always replaced by aluminums, and the resultant charge deficiency 1is
balanced by potassium ions (R.E. Grim, 1968). Temperature, rather than
pressure, is thought to be the critical variable in the reaction through
which this change is brought about.

The amount of water in a given shale depends on the depth of burial
and the type of clay in the shale. Loosely bound water is squeezed out of
the shale by pressure exerted by the weight of the overburden of the earth
at depth of burial. A good approximation of the magnitide of overburden
pressure is | psi/ft of depth. A laboratory experiement that illustrates
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this phenomenon 1s presented graphically in Figure 7 (H.C.H. Darley,
1969). Both bentonites in this illustration are expandable clays, and the
Ventura shale contains mostly non—expandable clays. Most of the free
water that can be easily squeezed out of the expandable clays 1is freed
with a effective pressure of 2500 to 2000 psi. A matrix (grain to grain)
stress of this magnitude would be expected in the crust of the earth at a
depth of about 4500 to 5500 feet. Additional water is released as the
swelling clays are subjected to even greater effective pressures.

Causes of Shale Instability

Shale instability may result from the following forces, either singly

or in combination:
1. Overburden pressure
2. Pore pressure
3. Tectonic forces
4, Water adsorption
a. Dispersion
b. Swelling

Various forms of hole instability arise when the stress relief of
overburden pressure occasioned by drilling exceeds the yield strength of
the formation. A well-known example of this phenomenon is the plastic
flow that occurs in z20opressured shales. The water content and the
plasticity of the sh: - are abnormally high relative to the overburden
load, and the shale i: sxtruded into the hole in plastic flow.

When the pressure of the drilling fluid is less than the pressure of
the fluids within the pores of the rock being drilled, the pressure
differential toward the hole tends to induce fragments of rock to fall
into the hole. Such caving is more likely to occur when the rock is
relatively impermeable. The strength of the rock is a factor in this

process as well,

Tectonic forces result from stresses imposed on a given stratum by
deformation of the crust of the earth. Such deformation 1is commonly
described as folding and faulting, and is a normal result of the formation
of mountains. Stresses thus created are relieved quickly in shale that is
readily deformable, but tend to remain in rocks that are brittle. Even a
small amount of water adsorption can cause sufficient stress to induce
shales to flake off in fragments and slough into the hole.

Shale Classifications

Reference to a shale classification like the one given in Table I is
helpful for a description of the effect of water absorption on shale
stability. Because the number of combinations of physical and chemical
properties of rocks called "shale" is so large, a classification of some
kind is necessary for a logical and organized approach to predict the
probability pf occurrence. For purposes of illustration, a description
follows of how shales of Class A through E behave upon wetting with fresh
water. Obviously the behavior of the different classes of shale would be
different in various salt solutions.
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Class-A shale is characterized primarily by high-water content an
relatively high expandable clay content. The word montmorillonite as use
in Table I denotes expandable clays as identified by the methylene
test. The word smectite 1is now a more widely accepted group
Montmorillonite is a member of the smectite group. Shale of this qua..t
is often found at shallow depth where the overburden load is still ¢to
small to have squeezed more water from the sediments during compaction
and the temperature too low to have induced diagenesis. The same shal

may also be found at greater depth when permeable avenues for the escap
of connate water did not exist, and where conditions were not right fo

montmorillonite to have been altered to illite (see Figure 6). When stil
more water is added to Class A shale, it would be expected that th
compaction process would be to a degree reversed. In the higher wate
content range, this shale could also be squeezed into the hole from the
pressure created by the weight of the overburden. The lower the mw
weight, the more likely it would be for this phenomenon to occur.

Class~B shale would respond to adsorption of fresh water mainly b
becoming more plastic or less firm. Water would penetrate slowly from th
borehole into the shale body. Capillary adsorption of water into beddin
planes would occur nominally if at all, because of the smectite clays i:
the shale. Abnormal pore pressure in shale of this description i:
possible. Aside from possible pressure effects, Class-B shale woul«

usually remain rather stable after being penetrated.

Class—C sb:.> would be more likely to slough into the hole thai
either Class A :r B. This type of shale would be found 1in sediment:
similar to those that constituted Class-B shale, but at greater d h
Some softening would occur upon adsorption of fresh water. Very 1
there would be sections where the shale would still be hard after wate:
adsorption and some swelling, so that some fragments would disengage fror
the matrix and fall into the hole. The mechanisa of fragmentation coulc
be the result of either capillary adsorption along bedding planes, o
simply penetration of water into the shale body away from the hole.

Class D shale may be found at both shallow and great depths, but i:
likely to be quite old geologically. Brittle shale subdivides into smal.
particles when immersed in water, but swells and softens very little if a:
all. It is believed that cleavage takes place along old fracture plane
that are held together by attractive forces that act over short distance
only. Hydration when contacted by an aqueous drilling fluid cause
separation at the old fracture planes.

Class E shales are likely to be found quite deep, and are usuall
abnormally pressured. Occurrence of this type of shale 1is sometime
thought to be anomalous, even though it is found quite often in sediment
of tertiary age. This shale would have a strong tendency to slough upo
adsorption of fresh water. In interbedded smectite-illite intervals
illite ledges may be borken off by the unequal degree of swelling of th
two different shales.
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Shale Hydratiom

and usdally does result in borehole

blockage. The instability usually results primarily from overburden
pressure, pore pressure, OT tectonic stress. This is true regardless or
whether the clay in the shale 1s largely expandable or non-expandable, or
whether the shale in place {s brittle or plastic. Moreover, shale
disperson, hole closure or sloughing from shale swelling are all
artributable to adsorption of water by shale.

Wwater wetting of shale can

The forces that cause shale to absorb water are attributable to the
clay in the shale. It should also be emphasized at the outset that these
forces through which clay adsorbs, imbibes, draws or sucks water into
itself can be very great. By comparison the force with which mud filtrate
may be pressed iato the formation by the differential between the
hydrostatic pressure of the mud column and the pore pressure of the
formation is very small. For example, if a normally pressured stratum at
5000 or 10,000 feet on the Gulf Coast is drilled with 9.5 ppg nud, the
pressure differential would be about 125 and 250 psi respectively. This
figure represents the pressure with which filtrate from the mud is being
pressed into the formatio by the overbalance of hydrostatic pressure over
pore pressure. The text following will illustrate that the water

adsorption forces of shale are much greater.

Hydration of shal= depends upon & number of factors such as the
hydration energy of tn= interlayer cations on the clays present and the
charge density on the su-face of the clay crystals. A reasonable estimate
of the shale hydration force can be made by considering the compaction
forces involved in subsurface burial of a given shale stratum during
geologic time. For well drilling purposes, the hydration force 1is
calculated conveniently in this way. The effective compaction stress on a
shale section at any given depth can be represented by the equation,
s = § - P, where s is the intergranular or matrix stress (W.R. Mathews and
J. Kelly, 1967), S is the overburden pressure (approximately 1 psi/ft),
and P is the pressure on the fluid in the pores of the rock.

As a given layer of shale is buried deeper, progressively more water
is squeezed out of the shale by the weight of the overburden. The force
with which water is being expelled from the shale in the compaction
process equals the intergranular or matrix stress. The adsorption (or
suction) force of the clay acts in opposition to the water expulsion force
of compaction. This compacting force is relieved on the borehole face
when the shale is penetrated by the bit. Consequently, a hydration force
equal to the degree of relief develops. Since the compaction force equals
the matrix stress, then:

SHALE HYDRATION FORCEpgy = OVERBURDENpgi - PORE PRESSUREpgi

For example, assuming again a normally pressured shale (9 1b/gal mud
weight equivalent) at 10,000 ft on the Gulf Coast:
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OVERBURDEN,g; = 1 psi/ft = 10,000 psi

MATRIX STRESSpgi = OVERBURDENp4; - PORE PRESSURE g §

= 10,000 psi - (9 x 0.052 x 10,000) psi

= 5320 psi
The shale hydration force at 10,000 feet in normal pore pressure is

therefore 5320 psi.

Drilling Fluids

n the area of review or zome of endangering
onduits to USDNs if improperly plugeec
d when constructed or & combinatior

thereof. Artificial penetrations are usually man-made holes used for the
exploration of oil and gas or other minerals and water. These holes are
rarely empty and are fluid filled with native water, brine or drilling
fluid. In the case of native waters or brine the fluids may have seepec
into the well bore or been left there by the original driller. If the
well was originally drilled with a cable tool rig or rotary drilling rij
using compressed air, the fluid in the hole is probably native water O
brine. However, the vast majority of artificial penetrations are mad
exploring for oil and gas. Therefore, it is logical to conclude that mos!
well bores are mud filled since rotary drilling techniques using drilling
fluid are predcm:nately used when drilling oil and gas exploration an«
ion of the drilling operation, if the --el!

development wells. Upon completi
is not completed for productiom, the drill pipe is removed from the

bore and the drilling mud used to drill the well will remain in the ..
bore indefinitely. If the . well -is completed or casing is run an«
partially cemented across a portion of the well bore, drilling mud woul¢
have been displaced ahead of the cement from the annular space between th:
casing and open hole. If cement was not circulated to the surface, the
the annular space above the cemented section will be filled with drillin;

mud.

Artificial penetratioms i
influence can provide potential ¢
when abandoned, improperly cemente

A fluid filled well bore or annular space provides resistance t
upwards fluid migration because of two opposing forces. The first woul
be the hydrostatic head or downward force caused by the weight of th
fluid column. This can be described as psi/foot of depth by taking th
weight of one cubic foot of water and dividing it into 144 square inche
one-foot high. A cubic foot of water weighe approximately 62.3 pounds
dividing by 144 square inches, we find that a column of water one-foo
high exerts a downward pressure of 0.433 psi. Therefore a column of wate
1900 feet deep would provide a downward force of 433 psi. If fluid wer
uxgtating upvard, it would have to have a driving force in excess of 43
psi. This example used fresh water having a density of 8.33 1lbs/gal
The second opposing force that would act as a deterent to fluid migratic
along a well bore would be present ouly if the fluid filling the well bor
had gel strength. Most drilling fluids contain this characteristic.

168



Oone of the primary functions of the drilling mud is the removal of
drilled cuttings from the well bore. The mud carries the cuttings from
beneath the bit, transports them up the well bore/drill pipe annulus gnd
releases them at the surface. Since normal drilling operations require
that mud circulation be stopped. periodically to add another joint of ?rill
pipe, the mud must have a property which acts to suspend the drilled
cuttings in the static mud column. This property is known as gel
strength. Gel strength 1is time dependent and increases as the mud column
remains quiescent. Most drilling fluids are thixotropic and develop 3 gel
scructure like "Jello" when allowed to stand quiescent but become fluid

when disturbed.

mine the combined effect of both hydrostatic head and gel
s a deterrent to fluid migration along a mud filled well
bore or annulus, we must first identify the forces acting on a well bore
and/or annulus existing in a static state. Figure 8 represents a vertical
force diagram of a static mud column in an abandoned well that contains no
uncemented casing. Figure 9 represents the forces acting on the static
mud column in the annulus between the casing and open hole above the

cemented interval.

To deter
strength acting a

The equation for the force balance in Pigure 8 takes the following

form, |
w + GSy (2 wryh)= . (rr2)- Pr (ory) (18)
where
w = r2,ph

and

w = weight of mud column
GSy = gel strength of mud column acting on circumference area of

well bore
P, = pressure at top of well

P¢ = pressure at formation being contained
ry = radius of well bore

h = height of mud column in well bore

p = density of mud

Simplifying the force balance and adjusting for standard units, we
obtain the following pressure equation,

Pg = Py + 0.052ph + 3.33 x 1073GSh/D (19)
where:

Pf = pressure at the contained formation in psi

P, = pressure at the top of well

p = density of mud in lb/gal

h = height of mud column in feet
GS = gel strength in 1b/100 ft2

D = diameter of well bore in inches
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The force balance equation fo:vrigure 2 takes the form

w + GSc(2 wrch) + GSyw(2wryh) = (20)

Pff(rzw - rzc) - Pex (r Zw - rzc)

where
W o= ph(tzw - rzc)
and
w = weight of mud column in annulus

GS = gel strength of mud acting om circumference area of both the
well bore (GSy) and casing wall (GSc) and GSy = GSc

P, = pressure at top of well

P¢ = pressure at formation being contained
ry = radius of well bore

rc = outside radius of casing

h = height of mud column in annulus

density of mud

Simplifying the force balance and adjusting for standard units, we
obtain the following pressure equationm,

3.33 x 10_3GSh 2n
Dy - D¢

Pf = Pr + . ph +
where:

pressure at the contained formation in psi
pressure at the top of the well

density of mud in 1lb/gal

height mud column in feet

gel strength of mud in 1b/100 ft2

diameter of well bore in inches

outside diameter of casing in inches

©
[ B N N ]

&

o
0
[ ]

Drilling Fluid Properties

It is generally recommended that the values required to calculate the
flow reaistance of a mud filled well bore or annular spsce be obtainet
from the well records. The physical configuration of the well can usuall:
be obtained from many sources. These include but are nmot limited to start:
and federal permit records, the owner/operator files, commercia.
libraries, geological surveys and other public information sources. The
density of the drilling fluid used to drill the well is normally recorde:
on the geophysical log heading as shown in Exhibit 1. The gel strengt!
values may be more difficult to obtain. Mud properties are generally ru
while conditioning the mud to run casing and cement. These values ar
normally determined by the drilling fluid supplier or service company an
are reported on standardized forms such as the one shown in Exhibir 2
These data are normally available from the owner/operator”s well fi’ o
the service company. Also, it 1s frequently not necessary to fin. .
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well records of each well since wells drilled adjacent to each other
frequently use the same or cimilar mud systems. Historical records are
also a good source of obtaining conservative values for gel strengths of
specific types of drilling fluid systems.

nt types of mud systems varies, it

is difficult to determine the exact gel streagth of the mud in a
particular well bore. A review of cne gel strength characteristics of
various types of muds was made to evaluate the factors that effect the gel
strength structure. The aim of this review was to provide sufficient
information to determine the minimum gel strength structure that could be
anticipated for any combination of formation, well bore and mud type.
This value can then be used 1if insufficient data is available for a

specific well bore.

Since the gel strength of differe

Thixotropy is the property, exhibited by certain gels, of liquifying
when stirred or shaken and then returning to their gelled state when
allowed to stand quiescent. This property in drilling f£luids 1is the
result of various clay minerals being used as additives 1in drilling
fluids. Generally, clay particles fall into the colloidal particle range.
Colloidal systems used 1in drilling fluids include solids dispersed 1in
liquids and liquid droplets dispersed in other liquids. These highly
active colloidal particles comprise a small percentage of the total solids
in drilling muds but act to form the dispersed gel forming phase of the
mud that provides th= desired viscosity, thixotropy and wall cake

properties.

Clay particles and organic colloids comprise the two classes of
colloids used when mixing drilling fluids. The common organic colloids
include starch, carboxycelluloses and polyacrylomine derivatives.

Barker (1981) reported that, "The clay colloids utilized in common
drilling fluids are characterized by a crystalline structure which
influences the ability of the clay to retain water." Clays used in fresh
water muds consist of hydrated alumnosilicates comprised of alternate
plates of silica and aluminum to form layers of each mineral. The
plate-like crystals have two distinct surfaces: a flat face surface and
an edge surface. Slight surface polarities induce weak electrostatic
forces along the faces and edges of the mineral plates. Garison (1939)
noted that these electrostatic forces attract planer water to the
colloidal particles forcing the clays to swell when wet and shrink when
dry. The attraction of planer water to the faces of the plates 1s greater
than the attraction of the sheets for each other therefore the structure
tends to swell due to the absorbsion of the planer water from the drilling
fluid. The bentonite clays demonstrate a strong ability to attract planer
water as a result they experience extreme swelling. When in contact with
fresh water, the face to face attraction of water by the mineral layers
will continue until the swelling reduces the attractionm of the plates to
the point where they separate. This separation results in a higher number
of particles and is referred to as dispersion. The dispersion causes the
colloidal suspension to thicken. The degree of thickening depeads on the
electrolytic coantent, salt concentration of the water, time, temperature,
. pressure, pH, the exchangeable cations on the clay, and the clay
concentration. '
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 Gel Strength, The Measure of Thixotropy

Thixotropy 18 essentially a surface phencmenon which is characte ¢
by gel strength measurements. The gel strength indicates the attr:
forces between particles under static conditions. The strength of th .
structure which forms under static conditions is a function of the amoul
and type of clays in suspension, time, temperature, pressure, Ph, and ti
chemical treating agents used in the mud. Those factors which promot
the edge-to-edge and face-to—edge association of the clay particli
defined as flocculation increase the gelling tendency of the mud and tho!
factors which prevent the association decrease the gelling tendency.

colloidal particles remain indefinitely

water the clay particles will m
When flocculation occurs the particles form clumps or fioc
d flocs contain large volumes of water. 1f ¢

d is sufficiently high, flocculation wi
structure instead of individu

Due to their size,

suspension. When suspended in pure

flocculate.
These loosely associate
clay couceatration in the mu
cause formation of a continuous gel

flocs.

The gel structure commonly observed in aquesous drilling flul
cesults from salt contamination. Soluable salts are usually present
sufficient quantities to cause &t least a mild flocculation. The ti
required for the gel to attain an ultimate strength depends om t
critical conce-:ration of electrolyte required to initiate flocculatic
the thinners :---sent, and the concentration of the clay and of the sa
present. Dur..3 drilling the presence of salts and clay particles vari
with each formation being drilled, therefore the drilling f£1+v'°

monitored and adjustments are made in order to maintain the desi)

strength.

Gel Strength of the Static Mud Column

multispeed direct indicating viscome!
(See Exhibit 3) by slowly turning the driving shaft by hand and observ:
the maximum deflections before the gel satructure breaks. The gel stren
is normally measured after quiescent periods of 10 seconds (initial

strength) and 10 w=inutes. The maasurements are taken at surf
conditions of standard temperature and pressuras. To determine the

strength of the static mud columm in an abandoned well it is necessary
determine the gel strength of the mud under the influence of boreh
conditions. The initial and 10 minute gel strengths bare to dir
relation to the ultimate gel strength of the mud at borehole conditic
To determine the ultimate gel strength of a mud it is necessary to disc
the factors which act to influence the initial gel strength at boret

conditions.

Gel strength is measured by &

Once the drilling operation is completed and the well is aband«
the mud is subjected to conditions vastly di fferent from those encount:s
at the surface. In the range of formation depths utilized for disposa
industrial wastes the temperature would be expected to range from 8(
300°F, the pressure from 1500 to 5000 psi and time from days to sev
years. Several studies have been counducted to determine the 1 ¢t
time, temperature and pressure on the gel strength of wmuds at
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asined from this research should provid

i rmation obt
The info gth value for

nsble minimum gel stren v
he range of formations described at

conditions. :
means of determining & Teaso

abandoned wells which exist in t

It is observed that common use water base auds de\.velo;)'hxgh
strengths after prolonged periods of quiescence. The relanonsgup betw
gel strength and time varies widely from mud to wmud, dependxn; on
composition, degree of flocculation, temperature, pH, solids,
pressure. Figure 10 (G.D. Gray, H.C. Darley and W.F. Rogers, 19
indicates the increase in gel strength with time for various mud types
reveals that there is no well established means of predicting long t
gel strengths with time. It is noted in all cases that the gel stren

is observed to increase.

Garrison (1939) studied the gel strength in relation to time and r
of reaction for California bentonites. He obnervefi that both the sp
and the final strength increased with the bentonite percentages. ‘

gelling wvas found to follow the equation:

Skt (22
l+kt

S =

where S is the gel strength at any time t, 8' is the ultimgte
strength, and % is the gel rate constant. PFigure 1l indicates that
gel strength ‘:rms more rapidly at first then gradually approaches
ultimate valu: is time elapsed. Equation 22 may be revritten as:

t t 1
[ i L
S §' §'k
which indicates that a plot of t/8 verses t should be a straight i
Figure 11 represents the graph of t/S versus t, and indicates the slope
the line is k and the y-intercept is 1/S'k. This approach provide:
means to evaluate the ultimate gel strength for each benton
concentration. Table 2 represents the ultimate gel strengths and r
constants for the five samples shown in Figures 11 and 12. Garrison a
made messurements on similar suspensions at higher pH and determined t
the ultimate strengths of the bentonite gels increased with e
suspension as the pH increases. Table 3 reflects the pH - ultimate
strength relationship observed.

Garrison also noted that the treating of muds with thinners had
effect of decreasing the rate of gelling but not the ultimate
strength. Thus it can be concluded that the reduced initial and 10 wmin
gel strength will not be any less than that recorded for an untrea
fauple of the same mud. In fact, the ultimate gel strength may e
increase as indicated in Table 2.

Garrison's work does not indicate that all muds comply with Equat
22, but it does point out that the initial and 10 minute gel strengths
not pr.ovide a reliable means of predicting the ultimate gel s~ -~ng
Weintritt and Hughes (1965) conducted progressive gel strength .
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GEL STRENQTH

FIQURE 10

INCREASE IN GQEL STRENGTHN OF
VARIOUS MUD TYPES WITH TIME

(FROM GRAY, DARLEY, AND'RO.IRS)

FLOCCULATED MUD

UNTREATED Mupd

TIME
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FIGURE 12

GEL 'T.llﬂfﬂ AND RATE CONSTANTS
(FROM GARRISON 1939)
SEE TABLE 2
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TABLE 2

GEL RATE CONSTANTS CALCULATED FROM FIGURES 11 AND 12

Bentonite Additives

Gel Strength

Rate Constant

Per Cent (Ultimate)

Sample #
4.5 1 ———————— 34.4 0.047
5.5 2 - e 74.4 0.75
6.5 3 — 114, 0.79
5.5 4 0.1Z Na Tannate 104, 0.0089
5.5 5 Sodium Hydroxide 99.7 0.033

(From Gray, Darley and Rogers)

TABLE 3

CONSTANTS IN GELLING EQUATIONS OF RENTONITE SUSPENSIONS

Sentonite Gel Strength pi+ pBE+ pBR+ pH+
Per Cent and Rate 9.2 9.3-9.5 9.9-10 10.8-11
Conatant

4.5 s” 34.4 40.1 48.5 69.6
4.5 k 0.047 0.071 0.076 0.063
5.5 S” Th.b 32.2 128.9 152.7
5.5 k 0.75 0.22 Q.13 0.18
6.5 s~ 114, 141. 250. 268.
6.5 k 0.79 0.30 0.10 0.25

(From Garrison 1939)
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r periods up to 16 hours and obtained
They noted that although Mud E and Mud
F had similar properties, Mud F developed only a wmoderate gel strength
while that of Mud E was much greater. Once again it is observed that the
initial gel strength and 10 minute gel strength measurements are not
always indicative of gel strength development which is observed at
elevated temperatures and extended time. The three muds designated 1n
Table & were obtained from wells within the same field just prior to

cementing operations.

ferrochrome lignosulfonate muds fo
the results presented in Table 4.

(1976) noted that when a bentonite mud 1is quiescent, the
depends on both temperature and time. Annis compared the
ature on the initial and 30 minute gel strength of an 18
ppb bentonite suspension. Figure 13 indicates that the 30 minute gel
strength of the 18 ppb suspension is at any temperature approximately six
times the initial gel strength. The dependence of gel strength on time at
di fferent temperatures, as noted by Annis, is shown in Figure 14. Based
on these and other tests of up to 18 hours Annis concluded that there is a
strong indication that gel strength increases indefinitely with time.

Annis
gelling process
effect of temper

Conclusion

In review, the above works indicate that the ultimate gel strength of
water base muds is considerably higher than the values recorded for the
initial and 10 min::: gel strength. Although there is no direct
relationship between 3221 strength and time, it is possible, based on
available information, to conclude that the ultimate gel strength of a mud
will be several times larger than the initial or 10 minute gel strength of
the mud. In reference to the work by Garrison (1939), it is possible to
consider the ultimate gel strength of a treated mud to be equivalent to
that of a similar mud that was not treated, since the effect of the
thinner is to decrease the rate of gelling and not the ultimate gel

strength obtained.

In addition to time, temperature can have a major effect on the gel
strength of water based drilling fluids. Srini-Vasan (1957) studied the
effects of temperature on the gel strength of several water based drilling
muds. Table 5 lists the muds which were tested and Figures 15 and 16
indicate the temperature versus gel strength relationships obtained. In
most of the cases investigated by Srini~Vasan it was noted that the gel
strength leveled off after 160°F. The emulsion and lime treated muds
showed no change in gel strength with increase of temperature. 1t was
found that each mud had its own characteristic curve and no quantitative
xuterpfeta:ion was possible. The work of Weintritt and Hughes (1965) as
noted in Table 4, indicates that emulsion Mud G experienced no change in
gel strength in going from 75 to 180°F over a wide range of times. It is
noted that although the gel strength did not vary with temperature, it
:ent from an initial gel strength of 0O to a gel strength of 25 after 16

ours.

The equipmnent utilized by Srini-Vasan restricted his investigation to
temperatures up to 220°F.
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TABLE &

COMPARISON OF MUD PROPERTIES WITH PROGRESSIVE GEL-STRENGTH TESTS
GYP-FERROCHROME LIGNOSULFONATE EMULSION MUDS

SAMPLE
Mud E Mud F Mud G
No Treatment 3 lb/bbl PCL
Weight, unstirred, lb/gal 11.0 10.7 10.6
Weight, stirred, lb/gal 11.0 10.3 10.7
Plastic Viscosity, cp 14 23 16 15
Yield Point, 1b/100 sq ft 3 6 2 !
10-sec gel, 1b/100 sq ft 1 2 1 0
10-min gel, 1b/100 sq ft 8 8 7 3
API filttate, sl 602 303 5.2 2.9
pH 10.9 10.6 10.5 10.4
Composition: wa= % by vol 76 63 75
0i., . by vol 5 11 9
Solids, % by vol 19 16 16
Solids, % by wt 39 36 37
Solids, SG 2.7‘ 2.9 3.0
Filtrate Ion Analysis:
Chlorides ppm 3500 400 3000
Sulfate, epn 250 300 130
Carbonate, epm 24 28 12
Bicarbonate, epm 12 160 12
Calcium, epm 44 52 44
Progressive Gel Strengths Temperature (°F)
1b/100 sq ft
Time 75~ 180> 75> 180~ 75~ 180~ 75 180"
0 minutes 1 1 2 2 1 1 0 0
3 minutes 2 3 2 5 3 8 1 1
10 minutes 8 18 8 12 7 26 3 k]
30 minutes 15 40 11 18 17 58 5 5
60 minutes 27 90 18 16 29 91 6 6
2 hours 31 145 22 22 29 104 7 7
4 hours ‘ 37 190 29 42 46 172 10 10
8 hours 46 190 33 42
16 hours 80 320 40 57 95 320 25 2

(From Weintritt and Hughes 1965)
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LBS/100FT

GEL STRENGTH,

FIQURE 13

EFFECT OF TEMPERATURE ON INITIAL
AND 30-MINUTE GEL STRENGTH
(PROM ANNRIS 1978)
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FIGURE 14
ZFFECTS OF TINE AND TEMPERATURE
OoN QGEL STRENGTNH
(FROMN ANRIS 1976)
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TABLE 5

COMPOSITION OF THE MUD SAMPLES TESTED FOR GEL STRENTGH

SAMPLE NUMBER COMPOSITION OF THE MUD**

33 2 per cent bentonite mud

34 3 per cent bentonite mud

35 4 per cent bentonite mud

39 ‘ 10 1b/gal, &4 per cent bentonite, barite mud

43 10 1b/gal, 10 per cent (by volume) Diesel oil,
4 percent bentonite, barite, emulsion mud

47 10 1b/gal, 4 per cent bentonite, barite, surfactant
(DMS) mud

49 10 1b/gal, low lime (1 1b/bbl) treated, 4 per cent

bentonite, barite mud

*%A]]1 muds referred to are water base muds.
All per cent quanti:ies mentioned denote weight per cents, unless

otherwise designated.

(From Srini-Vasan)
TABLE 6

GEL STRENGTH OF A 4 PERCENT SUSPENSION OF PURE SODIUM

MONTMORILLONITE TO WHICH AN EXCESS OF 50 MEQ/LITER OF

NaOH HAS BEEN ADDED, MEASURED AT VARIOUS TEMPERATURES
AND PRESSURES

Gel Strength (1b/100 sq ft)

t("F) P(psi) 1 min 10 min 30 min
78 300 2.2 -_— 35.0
8000 2.2 - 7.0

212 300 18.0 26.0 40.0
8000 9.0 9.0 15.0

302 300 240.0 290.0 265.0
8000 88.0 100.0 100.0

(From Hiller 1963)
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QEL STRENGTH , LBS/100FT.?

FIQURE 18
GEL STRENGTN VERSUS TEMPERATURE FOR

SENTONITE ~-WATER MUDS (FRON SRIMI-VASAN 1987)
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GEL STRENGTH, LBS/100PT.

FIGVYRE 18

GEL STRENGTH VERSUS TEMPERATURE FOR
DIFFERENT MUDS (FROM SRINI-VASAN 1987)
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Annis (1976) was capable of ;nvestigacing the gel strength up to
temperatures of 350°F. Srini-Vasan observed that the gel strengrhs
leveled off after 160°F but Annis noted that at higher temperature
rapid increase in the gel strength was noted. Figure 17 reflects &
observatioan. Thus 1increased temperature, like 1increased bentonite
concentration promotes flocculation. The temperature at which a rgpid
increase in gel strength occurs, represents the onset of flocculation.
Therefore it 1is possible to expect the gel strength to increase

significantly at some elevated temperature.

Annis studied the gel strength properties of about 40 water base
field muds at temperatures ranging to 300°F. The muds covered a wide
range of densities and mud types, although the majority were
lignosulfonate muds. To draw conclusions on the effects of high
temperature on gel strength, the gel strength properties were averaged and

are presented in Figure 18.

Hiller (1963) noted that some clay suspensions display a decrease in
gel strength with increased pressure, especially at high temperatures. It
was noted that the gel strength was reduced to 1/4 of 1its original value
for a pressure increase from 300 to 8000 psi at a temperature of 302°F.
This reduction in the gel strength resulting from increased pressure is

presented in Table 6.

Although n lirect wmeans exists to determine the ultimate gel
strength of a .ling mud at borehole conditions, it 1is possible to
safely say that -2 gel strength developed in the borehole is consider-“1y
greater than that indicated by the initial and 10 minute gel strei
recorded for a given mud. The effects of time, temperature and pres.
on the gel strength of the static aud column have been discussed above.
In the range of pressures and temperatures normally encountered in
disposal formations, pressure should exert a negligible effect on the gel
strength. Flocculation at high temperature should not occur except-in the
deepest of disposal formations. Certain muds do not display a temperature
dependence, but the effect of time is ever present. ‘

The research discussed above investigated muds with 0 initial. gel
strength to ultimate gel strengths of 100°s 1bs/100SF. In an attempt Co
select a minimum ultimate gel strength that could be expected for the
worst of sud and borehole conditions, a value of 20 1bs/100 ft2 should
be utilized for the ultimate gel strength im all gel strength pressure
calculations where actual numbers are not available. This value will
provide a considerable safety factor in most cases.

The 20 1b/100 ftZ ultimate gel strength was arbitrarily selected to
ijnsure that a sufficient safety factor 1s built into the proposed
procedure. The selection is the result of individual judgment prejudiced
by the above discussion.”

190



30 MINVUTE GEL .7I!N¢TH.LIO/100F1”

FIGURE 17

EFFECTS OF TEMPERATURE AND BENTONITE
CONCENTRATION ON 30 MINUTE QEL STRENGTH

(FPROM ANNIS 19070)
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QEL STRENGTH, LBS/100FT, 2
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BACKGROUND

The Louisiana Department of Environmental Quality's (LDEQ) Aquifer Sampling and
Assessment Program (ASSET) is an ambient monitoring program established to determine and
monitor the quality of ground water produced from Louisiana's major freshwater aquifers. The
ASSET Program samples approximately 200 water wells located in 14 aquifers and aquifer
systems across the state. The sampling process is designed so that all fourteen aquifers and
aquifer systems are monitored on a rotating basis, within a three-year period so that each well is
monitored every three years.

In order to better assess the water quality of a particular aquifer, an attempt is made to sample
all ASSET Program wells producing from it in a narrow time frame. To more conveniently and
economically promulgate those data collected, a summary report on each aquifer is prepared
separately. Collectively, these aquifer summaries will make up, in part, the ASSET Program's
Triennial Summary Report for 2009.

Analytical and field data contained in this summary were collected from wells producing from the
Evangeline aquifer, during the 2007 state fiscal year (July 1, 2006 - June 30, 2007). This
summary will become Appendix 4 of ASSET Program Triennial Summary Report for 2009.

These data show that in January and February of 2007, and in May 2008, 12 wells were
sampled which produce from the Evangeline aquifer. Eight of these 12 are classified as public
supply, while there are one each classified by the Louisiana Department of Transportation and
Development (LDOTD) as irrigation, industrial, domestic and other. The wells are located in 7
parishes from the central and southwest areas of the state.

Figure 4-1 shows the geographic locations of the Evangeline aquifer and the associated wells,
whereas Table 4-1 lists the wells in the aquifer along with their total depths, use made of
produced waters and date sampled.

Well data for registered water wells were obtained from the Louisiana Department of
Transportation and Development’s Water Well Registration Data file.

GEOLOGY

The Evangeline aquifer is comprised of unnamed Pliocene sands and the Pliocene-Miocene
Blounts Creek member of the Fleming formation. The Blounts Creek consists of sands, silts,
and silty clays, with some gravel and lignite. The sands of the aquifer are moderately well to
well sorted and fine to medium grained with interbedded coarse sand, silt, and clay. The
mapped outcrop corresponds to the outcrop of the Blounts Creek member, but downdip, the
aquifer thickens and includes Pliocene sand beds that do not outcrop. The confining clays of
the Castor Creek member (Burkeville aquiclude) retard the movement of water between the
Evangeline and the underlying Miocene aquifer systems. The Evangeline is separated in most
areas from the overlying Chicot aquifer by clay beds; in some areas the clays are missing and
the upper sands of the Evangeline are in direct contact with the lower sands and gravels of the
Chicot.
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HYDROGEOLOGY

Recharge to the Evangeline aquifer occurs by the direct infiltration of rainfall in interstream,
upland outcrop areas and the movement of water through overlying terrace deposits, as well as
leakage from other aquifers. Fresh water in the Evangeline is separated from water in
stratigraphically equivalent deposits in southeast Louisiana by a saltwater ridge in the
Mississippi River valley. The hydraulic conductivity of the Evangeline varies between 20 and
100 feet/day.

The maximum depths of occurrence of freshwater in the Evangeline range from 150 feet above
sea level, to 2,250 feet below sea level. The range of thickness of the fresh water interval in the
Evangeline is 50 to 1,900 feet. The depths of the Evangeline wells that were monitored in
conjunction with the BMP range from 170 to 1,715 feet.

PROGRAM PARAMETERS

The field parameters checked at each ASSET well sampling site and the list of conventional
parameters analyzed in the laboratory are shown in Table 4-2. The inorganic (total metals)
parameters analyzed in the laboratory are listed in Table 4-3. These tables also show the field
and analytical results determined for each analyte. For quality control, duplicate samples were
taken for each parameter at wells CU-1362 and EV-858.

In addition to the field, conventional and inorganic analytical parameters, the target analyte list
includes three other categories of compounds: volatiles, semi-volatiles, and pesticides/PCBs.
Due to the large number of analytes in these categories, tables were not prepared showing the
analytical results for these compounds. A discussion of any detections from any of these three
categories, if necessary, can be found in their respective sections. Tables 4-8, 4-9 and 4-10 list
the target analytes for volatiles, semi-volatiles and pesticides/PCBs, respectively.

Tables 4-4 and 4-5 provide a statistical overview of field and conventional data, and inorganic
data for the Evangeline aquifer, listing the minimum, maximum, and average results for these
parameters collected in the FY 2007 sampling. Tables 4-6 and 4-7 compare these same
parameter averages to historical ASSET-derived data for the Evangeline aquifer, from fiscal
years 1995, 1998, 2001 and 2004.

The average values listed in the above referenced tables are determined using all valid,
reported results, including non-detects. Per Departmental policy concerning statistical analysis,
one-half of the detection limit (DL) is used in place of zero when non-detects are encountered.
However, the minimum value is reported as less than the DL, not one-half the DL. If all values
for a particular analyte are reported as non-detect, then the minimum, maximum, and average
values are all reported as less than the DL. For contouring purposes, one-half the DL is also
used for non-detects in the figures and charts referenced below.

Figures 4-2, 4-3, 4-4, and 4-5, respectively, represent the contoured data for pH, total dissolved
solids (TDS), chloride (Cl) and iron. Charts 4-1 through 4-16 represent the trend of the graphed
parameter, based on the averaged value of that parameter for each three-year reporting period.
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Discussion of historical data and related trends is found in the Water Quality Trends and
Comparison to Historical ASSET Data section.

INTERPRETATION OF DATA

Under the Federal Safe Drinking Water Act, EPA has established maximum contaminant levels
(MCLs) for pollutants that may pose a health risk in public drinking water. An MCL is the highest
level of a contaminant that EPA allows in public drinking water. MCLs ensure that drinking water
does not pose either a short-term or long-term health risk. While not all wells sampled were
public supply wells, the Office of Environmental Assessment does use the MCLs as a
benchmark for further evaluation.

EPA has set secondary standards, which are defined as non-enforceable taste, odor, or
appearance guidelines. Field and laboratory data contained in Tables 4-2 and 4-3 show that one
secondary MCL (SMCL) was exceeded in 7 of the 12 wells sampled in the Evangeline aquifer.

Field and Conventional Parameters
Table 4-2 shows the field and conventional parameters for which samples are collected at each
well and the analytical results for those parameters. Table 4-4 provides an overview of this data
for the Evangeline aquifer, listing the minimum, maximum, and average results for these
parameters.

Federal Primary Drinking Water Standards: A review of the analysis listed in Table 4-2 shows
that no primary MCL was exceeded for field or conventional parameters for this reporting period.
Those ASSET wells reporting turbidity levels greater than 1.0 NTU do not exceed the Primary
MCL of 1.0, as this standard applies to public supply water wells that are under the direct
influence of surface water. The Louisiana Department of Health and Hospitals has determined
that no public water supply well in Louisiana was in this category.

Federal Secondary Drinking Water Standards: A review of the analysis listed in Table 4-2 shows
that four wells exceeded the SMCL for pH, and two wells exceeded the SMCL for total dissolved
solids. Laboratory results override field results in exceedance determinations, thus only lab
results will be counted in determining SMCL exceedance numbers for TDS. Following is a list of
SMCL parameter exceedances with well number and results:

pH (SMCL = 6.5 — 8.5 Standard Units):

AL-120 - 8.68 SU
AL-363 —9.20 SU
BE-512 -8.96 SU
V-668 — 8.73 SU

Total Dissolved Solids (SMCL = 500 mg/L or 0.5 g/L):

LAB RESULTS (in mg/L) FIELD MEASURES (in g/L)
AV-441 730 mg/L 0.68 g/L
EV-858 738 mg/L, Duplicate — 724 mg/L 0.76 g/L (Original and Duplicate)
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Inorganic Parameters
Table 4-3 shows the inorganic (total metals) parameters for which samples are collected at each
well and the analytical results for those parameters. Table 4-5 provides an overview of inorganic
data for the Evangeline aquifer, listing the minimum, maximum, and average results for these
parameters.

Federal Primary Drinking Water Standards: A review of the analyses listed on Table 4-3 shows
that no primary MCL was exceeded for total metals.

Federal Secondary Drinking Water Standards: Laboratory data contained in Table 4-3 shows
that one well exceeded the secondary MCL for iron:

Iron (SMCL = 300 ug/L):
CU-1362 — 367 ug/L, Duplicate — 363 ug/L

Volatile Organic Compounds
Table 4-8 shows the volatile organic compound (VOC) parameters for which samples are
collected at each well. Due to the number of analytes in this category, analytical results are not
tabulated; however any detection of a VOC would be discussed in this section.

Chloroform was detected in well AL-373 at 2.06 ug/L, which is just over the laboratory detection
limit of 2 ug/L for this compound. Because chloroform was detected at this low concentration,
and due to there being no MCL established for this compound, and because chloroform is a
common lab contaminant, the well was not resampled to confirm the occurrence of chloroform.
The well owner was given a report of these results and close attention will be given to this well
in upcoming regular sampling activities. No other VOC was detected at or above its respective
detection limit during the FY 2007 sampling of the Evangeline aquifer.

Semi-Volatile Organic Compounds
Table 4-9 shows the semi-volatile organic compound (SVOC) parameters for which samples are
collected at each well. Due to the number of analytes in this category, analytical results are not
tabulated; however any detection of a SVOC would be discussed in this section.

There were no confirmed detections of a SVOC at or above its detection limit during the FY
2007 sampling of the Evangeline aquifer.

Pesticides and PCBs

Table 4-10 shows the pesticide and PCB parameters for which samples are collected at each
well. Due to the number of analytes in this category, analytical results are not tabulated;
however any detection of a pesticide or PCB would be discussed in this section.

There were no confirmed detections of a pesticide or PCB at or above its detection limit during
the FY 2007 sampling of the Evangeline aquifer.
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WATER QUALITY TRENDS AND COMPARISON TO
HISTORICAL ASSET DATA

Analytical and field data show that the quality and characteristics of ground water produced from
the Evangeline aquifer exhibit some changes when comparing current data to that of the four
previous sampling rotations (three, six, nine and twelve years prior). These comparisons can be
found in Tables 4-6 and 4-7, and in Charts 4-1 to 4-16 of this summary. Over the twelve-year
period data averages show that 6 analytes have shown a general increase in concentration.
These analytes are: pH, chloride, sulfate, hardness, barium, and iron. For this same time period,
the average concentrations for 8 analytes have demonstrated a decrease. These are:
temperature, specific conductance (field and lab), salinity, total dissolved solids, TKN, total
phosphorus, copper, and zinc. The average ammonia concentration has been consistent for this
time period while the average for nitrite-nitrate has been consistently below its detection limit for
each reporting period.

The current number of wells with secondary MCL exceedances is the same as the previous
sampling event in FY 2004, with 7 wells reporting at least one exceedance each. However, for
the FY 2007 reporting period, there were fewer total SMCLs exceeded, with 7 exceedances in
FY 2007 and 10 exceedances in FY 2004.
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SUMMARY AND RECOMMENDATIONS

In summary, the data show that the ground water produced from this aquifer is generally soft’
and is of good quality when considering short-term or long-term health risk guidelines.
Laboratory data show that no well that was sampled for this reporting period exceeded a
primary MCL. The data also show that this aquifer is of good quality when considering taste,
odor, or appearance guidelines. A comparison to historical ASSET data show that 6 analytes
have increased in their average concentrations, 8 have decreased, and 2 have remained
constant or below its detection limit.

It is recommended that the ASSET wells assigned to the Evangeline aquifer be re-sampled as
planned in approximately three years. In addition, several wells should be added to the 11
currently in place to increase the well density for this aquifer.

! Classification based on hardness scale from: Peavy, H.S. et al. Environmental Engineering. New York: McGraw-
Hill. 1985.
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Table 4-1: List of Wells Sampled, Evangeline Aquifer—FY 2007

DOTD Well Wel Use
AL-120 ALLEN 1/30/2007 CITY OF OAKDALE 910 | PUBLIC SUPPLY
AL-363 ALLEN 1/29/2007 WEST ALLEN PARISH WATER DIST. 1715 | PUBLIC SUPPLY
AL-373 ALLEN 5/19/2008 TOWN OF OBERLIN 747 | PUBLIC SUPPLY
AL-391 ALLEN 1/30/2007 FAIRVIEW WATER SYSTEM 800 | PUBLIC SUPPLY
AV-441 AVOYELLES 1/30/2007 TOWN OF EVERGREEN 319 | PUBLIC SUPPLY
BE-410 BEAUREGARD 1/29/2007 BOISE CASCADE 474 | INDUSTRIAL
BE-512 BEAUREGARD 1/29/2007 SINGER WATER DISTRICT 918 | PUBLIC SUPPLY
CU-1362 CALCASIEU 2/14/2007 LA WATER CO 635 | PUBLIC SUPPLY
EV-858 EVANGELINE 1/29/2007 SAVOY SWORDS WATER SYSTEM 472 | PUBLIC SUPPLY
R-1350 RAPIDES 1/30/2007 PRIVATE OWNER 180 | IRRIGATION
V-5065Z VERNON 1/30/2007 PRIVATE OWNER 170 | DOMESTIC
V-668 VERNON 1/30/2007 LDWF/FORT POLK WMA HQ 280 | OTHER
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Table 4-2: Summary of Field and Conventional Data, Evangeline Aquifer—FY 2007

Temp pH Sp.Cond. Sal. TDS
DOTD Deg.C SU mmhos/icm ppt g/L
WELL
NUMBER

LABORATORY DETECTION LIMITS —
FIELD PARAMETERS

Alk
mg/L

Cl

AL-120 23.17 8.68 0.337 | 0.16 0.22 157 3.4
AL-363 26.85 9.20 0.516 | 0.25 0.34 265 259
AL-373 23.40 7.82 0.323 | 0.15 0.21 157 10
AL-391 22.12 8.29 0.275 | 0.13 0.18 118 4
AV-441 20.16 8.07 1.048 | 0.52 0.68 428 OPAS
BE-410 21.45 8.06 0.211 | 0.10 0.14 85.8 4.8
BE-512 24.11 8.96 0.35 | 0.17 0.23 166 4.3
CU-1362 22.71 6.87 0.323 | 0.15 0.21 122 14
CU-1362* 22.71 6.87 0.323 | 0.15 0.21 122 14.3
EV-858 23135 Uol/8 1.176 | 0.59 0.76 388 Fi81
EV-858* 23135 Uol/8 1.176 | 0.59 0.76 390 F180
R-1350 19.87 7.92 0.12 | 0.06 0.08 22.5 34
V-50657 13.82 7.87 0.128 | 0.06 0.08 29.1 4.7
V-668 9.79 8.73 0.089 | 0.04 0.06 10.5 3

Color
PCU

qe Aq pazAjeuy j1oN

Sp. Cond.
umhos/cm

S04 TDS TSS Turb. NH3 Hard.
mg/L mg/L mg/L NTU mg/L mg/L

Nitrite-
Nitrate
(as N)

1.25/1.3 4
LABORATORY PARAMETERS

309 6.2 205 <4 <1 <0.1 <5 <0.05 <0.1 0.13
492 80 304 <4 <1 0.13 <5 <0.05 0.14 0.28
324 2.1 213 <4 1 <0.1 <5 0.06 0.14 0.33
235 5.4 160 <4 <1 0.2 36 <0.05 0.27 0.09
1,144 39.8 730 <4 <1 0.44 A2 <0.05 0.65 0.14
182 2.6 131 <4 <1 <0.1 60.9 0.06 <0.1 <0.05
322 5.8 204 <4 <1 <0.1 5 <0.05 <0.1 0.1
271 2 201 <4 <1 0.12 85,7/ <0.05 0.16 0.25
272 2 200 <4 <1 0.1 35.8 <0.05 0.1 0.25
1,252 <1.3 738 <4 <1 0.74 8SKS <0.05 0.82 0.22
1,260 <1.3 724 <4 <1 0.71 81.9 <0.05 0.83 0.23
68.8 Is.6 95.3 <4 2 <0.1 8.2 <0.05 <0.1 0.06
73 <1.3 79.3 <4 <1 <0.1 15.5 <0.05 0.12 0.06
34.7 <13 50 <4 1.1 <0.1 8.3 <0.05 <0.1 <0.05

*Denotes Duplicate Sample

Page 11

IReported from a Dilution

Shaded cells exceed EPA Secondary Standards

EVANGELINE AQUIFER SUMMARY REPORT, 2007
ASSET PROGRAM

(2l

DEQ




Table 4-3: Summary of Inorganic Data, Evangeline Aquifer-FY 2007

DOTD Well Antimony @ Arsenic | Barium Beryllium Cadmium  Chromium | Copper Iron Lead | Mercury Nickel Selenium Silver = Thallium Zinc
Number ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L

Deteit:g:tfixits L 5 2 ‘ L b

AL-120 <1 3.1 9.1 <1 <0.5 <3 <3 20.8 <3 <0.05 <3 <4 <0.5 <1 <10
AL-363 <1 3 9.1 <1 <0.5 <3 <3 24.8 <3 <0.05 <3 <4 <0.5 <1 <10
AL-373 <1 <3 11.8 <1 <0.5 <3 9.3 237 <3 *0.09 <3 <4 <0.5 <1 60.2
AL-391 <1 <3 124 <1 <0.5 <3 <3 50.5 <3 <0.05 <3 <4 <0.5 <1 <10
AV-441 <1 <3 71.5 <1 <0.5 <3 <3 232 <3 <0.05 <3 <4 0.6 <1 <10
BE-410 <1 3.5 150 <1 <0.5 <3 <3 <20 <3 <0.05 <3 <4 <0.5 <1 <10
BE-512 <1 3.3 15.7 <1 <0.5 <3 <3 <20 <3 <0.05 <3 <4 <0.5 <1 <10
CU-1362 <1 R 183 <1 <0.5 <3 34 367 <3 <0.05 <3 <4 <0.5 <1 12.6
CU-1362* <1 R 181 <1 <0.5 <3 3.1 363 <3 <0.05 <3 <4 <0.5 <1 10.8
EV-858 <1 <3 455 <1 <0.5 <3 <3 165 <3 <0.05 <3 <4 <0.5 <1 <10
EV-858* <1 <3 451 <1 <0.5 <3 <3 161 <3 <0.05 <3 <4 <0.5 <1 <10
R-1350 <1 <3 14.4 <1 <0.5 <3 <3 752 <3 <0.05 <3 <4 <0.5 <1 56.8
V-5065Z <1 <3 73.8 <1 <0.5 <3 5.9 <20 <3 <0.05 <3 <4 <0.5 <1 17.8
V-668 <1 <3 41.6 <1 <0.5 <3 12.7 88.3 <3 <0.05 <3 <4 <0.5 <1 18.2
*Denotes Duplicate Sample. “‘R” = Data rejected, arsenic detected in Field Blank Shaded cells exceed EPA Secondary Standards
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Table 4-4: FY 2007 Field and Conventional Statistics, ASSET Wells

PARAMETER

MINIMUM

MAXIMUM

AVERAGE

Temperature (°C) 19.87 26.85 22.44
= pH (SU) 6.87 9.20 8.06
ﬁ Specific Conductance (mmhos/cm) 0.089 1.176 0.460
* Salinity (ppt) 0.04 0.59 0.22
TDS (g/L) 0.058 0.764 0.300
Alkalinity (mg/L) 10.5 428.0 175.8
Chloride (mg/L) 2.9 181.0 373
Specific Conductance (umhos/cm) 34.7 1,260.0 445.7
Sulfate (mg/L) <13 39.8 5.4
E TDS (mg/L) 50 738 289
g TSS (mg/L) <4 <4 <4
no: Turbidity (NTU) <1 2 <1
% Ammonia, as N (mg/L) <0.1 0.74 0.20
Hardness (mg/L) <5 83.3 27.9
Nitrite - Nitrate, as N (mg/L) <0.05 0.06 <0.05
TKN (mg/L) <0.1 0.83 0.25
Total Phosphorus (mg/L) <0.05 0.33 0.16
Table 4-5: FY 2007 Inorganic Statistics, ASSET Wells
PARAMETER MINIMUM MAXIMUM AVERAGE
Antimony (ug/L) <1 <1 <1
Arsenic (ug/L) <3 3.5 <3
Barium (ug/L) 9.1 455.0 127.9
Beryllium (ug/L) <1 <1 <1
Cadmium (ug/L) <0.5 <0.5 <0.5
Chromium (ug/L) <3 <3 <3
Copper (ug/L) <3 12.7 3.4
Iron (ug/L) <20 752 178
Lead (ug/L) <3 <3 <3
Mercury (ug/L) <0.05 <0.05 <0.05
Nickel (ug/L) <3 <3 <3
Selenium (ug/L) <4 <4 <4
Silver (ug/L) <0.5 0.6 <0.5
Thallium (ug/L) <1 <1 <1
Zinc (ug/L) <10 60.2 15.5
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Table 4-6: Triennial Field and Conventional Statistics, ASSET Wells

PARAMETER FY 1995 FY 1998 FY 2001 FY 2004 FY 2007
AVERAGE AVERAGE AVERAGE AVVERAGE AVERAGE
Temperature (OC) 23.71 22.87 21.33 22.69 22.44
a pH (SU) 7.14 7.08 7.05 7.54 8.06
d Specific Conductance (mmhos/cm) 0.50 0.50 0.30 0.32 0.46
i Salinity (ppt) 0.22 0.21 0.14 0.15 0.22
TDS (g/L) 5 - - 0.21 0.30
Alkalinity (mg/L) 205.8 192.8 176.7 137.2 175.8
Chloride (mg/L) 15.2 27.0 38.3 18.1 37.3
Color (PCU) 23.3 6.7 8.2 7.5
Specific Conductance (umhos/cm) 489.6 453.8 446.1 3223 445.7
E Sulfate ( mg/L) 4.71 4.40 5.73 5.43 5.4
.9 TDS (mg/L) 308.4 324.8 263.7 209.4 289
é TSS (mg/L) <4 <4 <4 <4 <4
8 Turbidity (NTU) <1 <1 <1 1.04 <1
5 Ammonia, as N (mg/L) 0.20 0.16 0.22 0.15 0.20
Hardness (mg/L) 16.1 11.1 31.9 22.6 27.9
Nitrite - Nitrate , as N (mg/L) <0.05 <0.05 <0.05 <0.05 <0.05
TKN (mg/L) 0.72 0.16 0.69 0.28 0.25
Total Phosphorus (mg/L) 0.16 0.15 0.17 0.10 0.16

Table 4-7: Triennial Inorganic Statistics, ASSET Wells

Antimony (ug/L) <5 - <5 <5 <1
Arsenic (ug/L) <5 <5 <5 <5 <3
Barium (ug/L) 62.7 41.4 127.0 85.4 127.9
Beryllium (ug/L) <2 <2 <2 <1 <1
Cadmium (ug/L) <2 <2 <2 <1 <0.5
Chromium (ug/L) <5 <5 <5 <5 <3
Copper (ug/L) 25.1 48.6 7.9 6.6 3.4
Iron (ug/L) 203.1 104.5 160.7 267.4 178.0
Lead (ug/L) <10 <10 <10 <10 <3
Mercury (ug/L) <0.05 <0.05 <0.05 <0.05 <0.05
Nickel (ug/L) 8.1 <5 <5 <5 <3
Selenium (ug/L) <5 <5 <5 <5 <4
Silver (ug/L) <1 1.19 <1 <1 <0.5
Thallium (ug/L) <5 <5 <5 <5 <1
Zinc (ug/L) 134.2 106.6 15.2 26.8 15.5
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Table 4-8: VOC Analytical Parameters

DETECTION LIMIT

COMPOUND METHOD

(ug/L)
1,1-Dichloroethane 624 2
1,1- Dichloroethene 624 2
1,1,1-Trichloroethane 624 2
1,1,2- Trichloroethane 624 2
1,1,2,2-Tetrachloroethane 624 2
1,2-Dichlorobenzene 624 2
1,2-Dichloroethane 624 2
1,2-Dichloropropane 624 2
1,3- Dichlorobenzene 624 2
1,4-Dichlorobenzene 624 2
Benzene 624 2
Bromoform 624 2
Carbon Tetrachloride 624 2
Chlorobenzene 624 2
Dibromochloromethane 624 2
Chloroethane 624 2
trans-1,2-Dichloroethene 624 2
cis-1,3-Dichloropropene 624 2
Bromodichloromethane 624 2
Methylene Chloride 624 2
Ethyl Benzene 624 2
Bromomethane 624 2
Chloromethane 624 2
o-Xylene 624 2
Styrene 624 2
Methyl-t-Butyl Ether 624 2
Tetrachloroethene 624 2
Toluene 624 2
trans-1,3-Dichloropropene 624 2
Trichloroethene 624 2
Trichlorofluoromethane 624 2
Chloroform 624 2
Vinyl Chloride 624 2
Xylenes, m & p 624 4

bace 15 EVANGELINE AQUIFER SUMMARY REPORT, 2007
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Table 4-9: SVOC Analytical Parameters

DETECTION LIMITS*

COMPOUND METHODS* (ug/L)
1,2-Dichlorobenzene 625/8270 10
1,2,3-Trichlorobenzene 625 10
1,2,3,4-Tetrachlorobenzene 625 10
1,2,4,5-Tetrachlorobenzene 625 10
1,2,4-Trichlorobenzene 625/8270 10
1,3-Dichlorobenzene 625/8270 10
1,3,5-Trichlorobenzene 625 10
1,4-Dichlorobenzene 625/8270 10
2-Chloronaphthalene 625/8270 10
2-Chlorophenol 625/8270 20/10
4,6-Dinitro-2-methylphenol 625/8270 20/10
2-Methylphenol 8270 10
2-Methylnaphthalene 8270 10
2-Nitroaniline 8270 10
2-Nitrophenol 625/8270 20/10
2,4-Dichlorophenol 625/8270 20/10
2,4-Dimethylphenol 625/8270 20/10
2,4-Dinitrophenol 625/8270 20/10
2,4-Dinitrotoluene 625/8270 20/10
2,4,5-Trichlorophenol 8270 10
2,4,6-Trichlorophenol 625/8270 20/10
2,6-Dinitrotoluene 625/8270 10
3,3'-Dichlorobenzidine 625/8270 10
3-Nitroaniline 8270 10
4-Bromophenylphenyl ether 625/8270 10
4-Chloro-3-methylphenol 625/8270 20/10
4-Chloroaniline 8270 10
4-Chlorophenylphenyl ether 625/8270 10
4-Methylphenol 8270 10
4-Nitroaniline 8270 10
4-Nitrophenol 625/8270 20/10
Acenaphthene 625/8270 10
Acenaphthylene 625/8270 10
Anthracene 625/8270 10
Benzo(a)pyrene 625/8270 10
Benzo(k)fluoranthene 625/8270 10
Benzo(a)anthracene 625/8270 10
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Table 4-9: SVOCs (Continued)

DETECTION LIMITS*

COMPOUND METHODS* (ug/L)
Benzo(b)fluoranthene 625/8270 10
Benzo(g,h,i)perylene 625/8270 10
Benzoic acid 8270 10
Benzyl alcohol 8270 10
2,2'-Oxybis(1-chloropropane) 8270 10
Butylbenzylphthalate 625/8270 10
Chrysene 625/8270 10
Dibenz(a,h)anthracene 625/8270 10
Dibenzofuran 8270 10
Diethylphthalate 625/8270 10
Dimethylphthalate 625/8270 10
Di-n-butylphthalate 625/8270 10
Di-n-octylphthalate 625/8270 10
Fluoranthene 625/8270 10
Fluorene 625/8270 10
Hexachlorobenzene 625/8270 101
Hexachloro-1,3-butadiene 8270 10
Hexachlorocyclopentadiene 625/8270 10
Hexachloroethane 625/8270 10
Indeno(1,2,3-cd)pyrene 625/8270 10
Isophorone 625/8270 10
Naphthalene 625/8270 10
Nitrobenzene 625/8270 10
N-Nitrosodimethylamine 625 10
N-Nitrosodiphenylamine 625/8270 10
N-Nitroso-di-n-propylamine 625/8270 10
Pentachlorophenol 625/8270 10/1
Pentachlorophenol 625 20
Phenanthrene 625/8270 10
Phenol 625/8270 20/10
Pyrene 625/8270 10

*Multiple methods/detection limits due to multiple labs performing analyses.
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Table 4-10: Pesticides and PCBs

DETECTION LIMITS*

COMPOUND METHODS* (ug/L)

4,4'-DDD 608 / 8081 0.05/0.1
4,4'-DDE 608 / 8081 0.05/0.1
4,4'-DDT 608 / 8081 0.05/0.1
Aldrin 608 / 8081 0.05/0.05
alpha-Chlordane 608 / 8081 0.05/0.05
alpha-BHC 608 / 8081 0.05/0.05
beta-BHC 608 / 8081 0.05/0.05
delta-BHC 608 / 8081 0.05/0.05
gamma-BHC 608 / 8081 0.05/0.05
Chlordane 608 0.2
Dieldrin 608 / 8081 0.05/0.1
Endosulfan | 608 / 8081 0.05/0.05
Endosulfan Il 608 / 8081 0.05/0.1
Endosulfan sulfate 608 / 8081 0.05/0.1
Endrin 608 / 8081 0.05/0.1
Endrin aldehyde 608 / 8081 0.05/0.1
Endrin Ketone 608 / 8081 0.05/0.1
Heptachlor 608 / 8081 0.05/0.05
Heptachlor epoxide 608 / 8081 0.05/0.05
Methoxychlor 608 / 8081 0.05/0.5
Toxaphene 608 / 8081 2/2
gamma- Chlordane 608 / 8081 0.05/0.05
Aroclor 1016 608 / 8081 1/1
Aroclor 1221 608 / 8081 1/1
Aroclor 1232 608 / 8081 1/1
Aroclor 1242 608 / 8081 1/1
Aroclor 1248 608 / 8081 1/1
Aroclor 1254 608 / 8081 1/1
Aroclor 1260 608 / 8081 1/1

*Multiple methods/detection limits due to multiple labs performing analyses.
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Figure 4-1: Location Plat, Evangeline Aquifer
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Figure 4-2: Map of pH Data
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Figure 4-3: Map of TDS Lab Data
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Figure 4-4: Map of Chloride Data
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Figure 4-5: Map of Iron Data
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Chart 4-1: Temperature Trend

Average Field Temperature Trend for the Evangeline Aquifer
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Chart 4-2: pH Trend

Average Field pH Trend of the Evangeline Aquifer
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Chart 4-3: Field Specific Conductance Trend

Average Field Specific Conductance Trend for the Evangeline Aquifer
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Chart 4-4: Lab Specific Conductance Trend

Average Lab Specific Conductance Trend for the Evangeline Aquifer
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Chart 4-5: Field Salinity Trend

Average Field Salinity Trend for the Evangeline Aquifer
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Chart 4-6: Alkalinity Trend

Average Alkalinity Trend for the Evangeline Aquifer
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Chart 4-7: Chloride Trend

Average Chloride Trend for the Evangeline Aquifer
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Chart 4-8: Color Trend

Average Color Trend for the Evangeline Aquifer
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Chart 4-9: Sulfate (SO4) Trend

Average Sulfate Trend for the Evangeline Aquifer
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Chart 4-10: Total Dissolved Solids (TDS) Trend

Average Total Dissolved Solids Trend for the Evangeline Aquifer
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Chart 4-11: Ammonia (NH4) Trend

Average Ammonia Trend for the Evangeline Aquifer
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Chart 4-12: Hardness Trend

Average Hardness Trend for the Evangeline Aquifer
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Chart 4-13: Nitrite — Nitrate Trend

Average Nitrite - Nitrate Trend for the Evangeline Aquifer
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Chart 4-14: TKN Trend

Average TKN Trend for the Evangeline Aquifer
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Chart 4-15: Total Phosphorus Trend

Average Total Phosphorus Trend for the Evangeline Aquifer
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Chart 4-16: Iron Trend

Average Iron Trend for the Evangeline Aquifer
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THE GEOLOGY AND GROUND-WATER RESOURCES OF
CALCASIEU PARISH, LOUISIANA

By A. H. HarpEr

ABSTRACT

Large quantities of fresh ground water are available in Calcasieu Parish.
Fresh water is present in sand of Recent, Pleistocene, Pliocene, and Miocene
ages, although locally only small supplies for rural or stock use can be obtained
from the shallow sand lenses of Recent and Pleistocene ages. The principal
fresh-water-bearing sands are the “200-foot,” *“500-foot,” and *“700-foot” sands
of the Chicot aquifer of Pleistocene age, from which 105 million gallons is
pumped daily. A yield of as much as 4,500 gpm (gallons per minute) has been
obtained from a single well. The sands are typical of the Chicot aquifer
throughout southwestern Louisiana in that generally they grade from fine sand
at the top to coarse sand and gravel at the base of the aquifer.

The coefficient of permeability of the principal sands in Calcasieu Parish
ranges from 660 to about 2,000 gpd (gallons per day) per square foot and
averages 1,200 gpd per square foot. The permeability of the sands generally
varies with textural changes.

The maximum depth of occurrence of fresh ground water in Calcasieu Parish
ranges from about 700 feet to 2,500 feet below mean sea level; locally, how-
ever, where the sands overlie structures associated with oil fields, the maxi-
mum depth is less than 300 feet.

Pumping has caused water levels to decline, at varying rates, in all the
sands. In the “200-foot” sand they are declining at a rate of about 2 feet per
year. In the industrial district of Calcasieu Parish, levels in the “500-foot”
sand are declining at a rate of about 5 feet per year, and in the “700-foot”
sand at a rate of about 3.5 feet per year. Salt-water contamination is accom-
panying the water-level decline in the “700-foot” sand in the central part of
the parish.

Quality-of-water data indicate that water from wells screened in the Chicot
aquifer generally is suitable for some uses without treatment but would require
treatment to be satisfactory for other uses. The temperature of the water
ranges from 70° to 79°F.

The lenticular sands of Pliocene and Miocene ages have not been used as a
source of fresh ground water in Calcasieu Parish; however, north of the
Houston River these formations contain fresh water, and the water contained
in these formations in other parts of southwestern Louisiana is known to be
soft and suitable for most purposes.



2 GEOLOGY AND GROUND WATER, CALCASIEU PARISH, LA.
INTRODUCTION

LOCATION AND GENERAL FEATURES OF THE AREA

Calcasieu Parish is in southwestern Louisiana (fig. 1) and is bor-
dered on the west by the Sabine River and on the north, east, and
south by Beauregard, Jefferson Davis, and Cameron Parishes, re-
spectively. It has an area of 1,070 square miles, an extreme east-
west length of about 50 miles, and an extreme north-south length
of about 30 miles. In this report the Lake Charles industrial dis-
trict is considered to be the area along the west side of the Cal-
casieu River between Moss Lake and the city of Lake Charles. In
Calcasieu Parish there are 24 producing oil or gas fields and 1 sul-
fur mine which, with the refineries and chemical plants in the in-
dustrial district near Lake Charles, make the parish an important
petroleum and chemical center. At DeQuincy, turpentine and other
related products are produced. The principal agricultural products
in the parish are rice, lumber, and cattle.
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F1GURE 1.—Index map of Calcasieu Parish.

According to the 1950 census the population of the parish was
89,685. The principal city is Lake Charles, a deepwater port on
the Calcasieu River. The population of Lake Charles in 1940 was
21,207 and by 1950 had increased 94 percent to 41,272. In addition
to the large chemical plants and refineries in the industrial district,
there are many small industries across the Calcasieu River in Lake
Charles. McNeese State College is in Lake Charles, and the Lake
Charles Air Force Base is just outside the city limits.

The city is serviced by the Southern Pacific, the Kansas City
Southern, and the Missouri Pacific Railroads; by the Greyhound
and Continental Trailways bus lines; and by Trans-Texas Airways
and Eastern Air Lines. A deepwater ship channel, first completed
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in 1941 and subsequently deepened to 85 feet, connects Lake Charles
with the Intracoastal Waterway and the Gulf of Mexico by a route
that approximates the natural channel of the Calcasieu River.

PURPOSE AND SCOPE OF THE INVESTIGATION

The aquifers underlying Calcasien Parish provide an important
source of water for industrial, municipal, irrigation, and rural use.
Water from rivers, lakes, and canals also is used for irrigation and
industrial purposes; however, because of the varying temperatures
and often poor quality of the surface water, industries and irriga-
tors use large quantities of ground water. In 1955 about 23.7 bil-
lion gallons of ground water was pumped by industries, about 9.90
billion gallons for irrigation, about 2.86 billion gallons for munici-
pal supplies, and about 1.46 billion gallons for rural supplies.

It is difficult to determine the dollar value of ground water, be-
cause it is used for many different purposes. However, if this
source of water, as developed by the industries in Calcasieu Parish,
were depleted and had to be replaced by another source at the rela-
tively low industrial rate of 8 cents per thousand gallons, the annual
cost of the water used for industrial purposes would be about $1.9
million.

Because of the expanding industrial and municipal use of ground
water and its widespread use for irrigation and rural needs, con-
cern has been expressed about the adequacy of ground-water sup-
plies throughout the parish. Because of the seriousness of salt-
water encroachment in the Calcasieu River at Lake Charles (Jones
and others, 1956, p. 186), future municipal, agricultural, and indus-
trial developments along the river will be dependent primarily upon
wells for an adequate fresh-water supply.

Basic information on ground-water conditions has been collected
since 1941. In 1954 a detailed ground-water study of the parish
was begun to present the pertinent basic data thus far collected,
determine the availability of ground water as indicated by the geo-
logic conditions and the hydrologic properties of the aquifers, de-
termine the occurrence of fresh ground water and its chemical qual-
ity, and determine the rates of withdrawals and their effects. This
study was made in cooperation with the Louisiana Geological Sur-
vey, Department of Conservation, and the Louisiana Department of
Public Works. The work was done under the immediate supervi-
sion of Rex R. Meyer, district geologist of the Ground Water
Branch, United States Geological Survey.

About 670 wells have been inventoried in the parish; records of
some of these wells are given in table 6 and their locations are
shown on plates 1 and 2. Water-level fluctuations in the principal
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aquifers were measured in selected wells to determine changes in
storage and effects of pumping. Drillers’ logs, electrical logs, and
pumping tests were the principal bases for determining the extent
of the fresh-water-bearing sands. The ability of the aquifers to
store and transmit water was determined by means of pumping tests.
Water samples were obtained and analysed to determine the chemi-
cal constituents in the water and to outline areas yielding water of
high salinity. The amount of water pumped in the area was com-
puted from reports by users, from the rating of individual wells
used to irrigate rice, and from estimates of rural use based on popu-
lation. The maximum depth of occurrence of fresh ground water
and the presence of deep aquifers in northern and central Calcasien
Parish were determined chiefly from electrical logs of oil-test wells.

PREVIOUS INVESTIGATIONS

Harris and Veatch (1905) were the first to report water levels,
chemical analyses, and logs of wells in Calcasieu Parish. Jones
(1950) described the occurrence of ground water in the vicinity of
Lake Charles. He also named the “200-,” “500-,” and “700-foot”
sands and determined the withdrawals and their effect on water
levels. Coeflicients of transmissibility and storage and data on the
quality of water in the three sands also were presented. Jones,
Turcan, and Skitbitske (1954) described the ground-water condi-
tions in Calcasieu Parish in detail in their report on southwestern
Louisiana. A more recent paper (Jones and others, 1956) on the
same area incorporates the earlier report. Piezometric maps of the
principal aquifer in southwestern Louisiana for the period 1952-55
are included in three reports published jointly by the Louisiana
Geological Survey and the Louisiana Department of Public Works
(Fader, 1954, 1955, and 1957).
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Hough, State geologist, Louisiana Department of Conservation.
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WELL-NUMBERING SYSTEM

All wells inventoried by the U.S. Geological Survey in Calcasieu
Parish are designated by the prefix “Cu,” a symbol for the parish,
followed by a number denoting a specific well in the parish. Where
possible, all wells are located to the closest 16th section within the
proper township and range. A record of each well is kept on file,
and the well’s location is plotted on a map. Data on wells perti-
nent to this report are given in table 6, and the well locations are
shown on plates 1 and 2.

LANDFORMS AND DRAINAGE

Calcasieu Parish lies in the West Gulf Coastal Plain (Fenneman,
1938, p. 102). It is an area of low relief—the altitude ranges from
about 2 feet on the flood plains of the Sabine and Calcasieu Rivers
to about 90 feet in the area northwest of DeQuincy. North of the
Houston River the land is somewhat hilly, and altitudes range from
about 20 to 90 feet, whereas south of the Houston the land is a very
flat plain whose altitude ranges from 25 feet near the river to about
2 feet in the coastal marsh. The minimum slope of the coastwise
Pleistocene terrace is about 2 feet per mile, whereas the slope of the
Recent flood plains generally is less than, and is dependent upon,
the gradient of the streams which formed them. Meander scars,
representing courses of ancestral streams, and pimple mounds are
present on the Pleistocene surface throughout the parish. The pim-
ple mounds are low circular or elliptical hillocks, generally 30 to
50 feet in diameter and about 1 to 5 feet in height (Jones and
others, 1956, p. 25). Within the past 10 years farmers have made
considerable use of land-leveling machinery to smooth out these
irregularities because of their hindrance to irrigation and planting.

The flood plains are usually swampy in comparison to the sur-
rounding uplands; consequently, the plant growth on the flood
plains is quite different from that on the better drained Pleistocene
surfaces. The flood plains contain such trees as oak, gum, and
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magnolia, and a very dense undergrowth, whereas the Pleistocene
surface not under cultivation contains grassland and pine trees.

The parish is drained by the Calcasien and Sabine Rivers and
their tributaries. One of the largest tributaries of the Calcasien
River is the Houston River, which, with its tributaries, drains
most of the northwestern part of the parish.

CLIMATE

The climate of Calcasieu Parish is mild and is typically that of
the Gulf Coast States. The average annual temperature for the
period 1900-55 was 68°F. The highest temperature recorded during
this period was 104°F in August 1951, and the lowest was 12°F in
January 1948. The coldest year was 1940, which had an average
annual temperature of 65.7°F. The warmest year was 1927, which
had an average annual temperature of 71.3°F. The average annual
rainfall for the period 1893-1955 was 57.82 inches. The wettest year
was 1919, when there was 79.88 inches of rainfall; and the driest
year was 1954, when there was 30.08 inches of rainfall. The annual
precipitation at Lake Charles for the years 1893-1955 is shown on
figure 2. During this period the greatest monthly rainfall was
17.9 inches in June 1947, and the least was 0.05 inch in October
1952. The normal monthly rainfall for the same period is shown
on figure 3.
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GENERAL GEOLOGY

Calcasieu Parish lies within the Gulf Coastal Plain province and
is immediately underlain by Recent and Pleistocene deposits of
Quaternary age. (See table 1.) These deposits occur throughout
southern Louisiana and parts of northern Louisiana. In Calcasieu
Parish they are underlain by southward-dipping sedimentary rocks
of Tertiary age, which crop out in Texas and northern Louisiana.

TaBLE 1.—8tratigraphic column of Celcasiew Parish showing sources of fresh
ground water

Era) Stiys- Berles Formation Faunal zone Aquifer ‘Water-bearing properties
eI
Recent Alluvium Yiglds small supplies for
domestic _use. Water
is generally hard and
%' contains iron,
B Prairie forma- Chicot Large quantities of hard
' . tion. . Shallow. water available. Indi-
g Montgomery “200-foot” vidual wells yleld as
& | Pleistocene formation, much as 4,500 gpm.
Bentley forma~ “500-foot”*
© tion.
3 Williana forma- “700-foot’”
§ tion,
D
o] Pliocene Foley formation Evangeline Yields small to moderate
quantities of soft water,
reportedly as much as
300 gpm.
E‘ Pliocene(?) Fleming forma-| Rangia johnsoni, Contains fresh water in
B and Mio- tion of Fisk Potamides northern part of parish,
g cene, (1940). matsoni.
Miocene(?) Catahoula for- Discorbis, Hetero- Contains no fresh water.
mation. stlegmia, Mar-
ginulina.
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The outcrop belts of the sedimentary rocks of Quaternary and
Tertiary age roughly parallel the gulf coastline from Texas to
Florida except in the Mississippi River embayment area.

The surface contacts between the deposits of Recent and Pleistocene
ages are not well defined everywhere, but in many places they are
marked by a scarp or a slight change in the slope of the land surface
and by dissimilar vegetation. However, because of similar lithologic
character and lack of distinctive fossils, the deposits in the sub-
surface usually are extremely difficult to differentiate.

DEPOSITS OF RECENT AGE

Deposits of Recent age occur along the southern edge of the
parish and in the Sabine and Calcasieu River valleys and some of
their tributaries. These deposits were laid down in the Gulf of
Mexico and in the valleys of streams. They generally consist of
fine sand, silt, clay, and a few thin lenses of coarser sand. The
deposits range from narrow belts along small streams to a maximum
width of about 5 miles in the Calcasieu River basin.

DEPOSITS OF PLEISTOCENE AGE

Deposits of Pleistocene age crop out in almost all parts of
Calcasien Parish. During Pleistocene time, ice covered the northern
part of the North American Continent at least four times. As a
result of each of these glaciations, sea level was lowered and gulf-
coast streams cut valleys while adjusting to new base levels. Melting
of the ice resulted in great quantities of sediment being carried by
streams southward from the glaciated areas and deposited on the
Gulf Coastal Plain. This stream-transported sediment now forms a
thick blanket over much of central and southern Louisiana. Fisk
(1940, p. 175) identified and named four different depositional
terraces (table 1) in north-central Louisiana which he correlated
with the fluctuations of sea level during Pleistocene time. Three
of these terraces—the Prairie, the Montgomery, and the Bentley—
are exposed at the surface in Calcasieu Parish. The youngest
terrace, the Prairie, covers most of Calcasien Parish, extending
from the southern edge to the Houston River. It occurs also along
the Sabine and Calcasieu River valleys to the northern boundary
of the parish. The Montgomery terrace extends northward from
the Houston River to a northeast line about 2 miles north of
DeQuincy. The Bentley terrace is present in a small area about
2 miles northwest of DeQuincy. During the course of this study,
no evidence was found that the subsurface deposits correlate with
these terraces.

In a report on the ground-water resources of southwestern
Louisiana, Jones (Jones and others, 1954, p. 138) named the system
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of aquifers formed by the Pleistocene deposits “the Chicot reservoir.”
To eliminate confusion with surface-water reservoirs, the name has
been modified to “Chicot aquifer.” (See table 1.) Generally, the
Chicot aquifer consists of thick deposits of gravel, sand, and clay
grading from fine material at the top to coarser material at the
base. The base of the Chicot aquifer is usually identified as the
base of the deepest gravel layer penetrated by wells (Jones and
others, 1954, p. 62). In Calcasieu Parish the principal fresh-water-
bearing sands are the “200-,” “500-,” and “700-foot” sands, so named
for the depths at which they occur in the Lake Charles industrial
district (Jones, 1950). Although these sands are separate hydrologic
units in most of Calcasieu Parish, they become one hydrologic unit
just outside the northeast boundary of the parish. In Calcasieu
Parish the base of the “700-foot” sand is considered to be the base
of the Chicot aquifer. This correlation is the same as that deter-
mined from previous studies. In the industrial district the base of
the Chicot aquifer, or Pleistocene deposits, is 900 feet below mean
sea level. This conforms closely to determinations made by Fisk
(1944, fig. 70) and Jones and others (1956, pl. 8), who show the
contact between the Pleistocene and Tertiary deposits to be about
1,000 feet below sea level in the industrial district.

DEPOSITS OF PLIOCENE AGE

Underlying the Chicot aquifer in Calcasieu Parish is the Evan-
geline aquifer, which consists of a series of fine to medium sand,
silt, and clay within the Foley formation of Pliocene age (Jones
and others, 1956, p. 51). Typically these sediments are lignitic
and are gray and blue to black as contrasted with the rusty-brown
and buff sediments of the overlying Pleistocene strata. There are
no known diagnostic markers, lithologic or fossiliferous, that enable
correlation of the beds with others. According to Jones and others
(1954, p. 57), the Foley formation lies near the surface in northern
Beauregard, Allen, and Evangeline Parishes, where it is covered
by a thin veneer of Pleistocene deposits. From this area the forma-
tion dips southward and is present throughout southwestern
Louisiana.

The upper part of the Miocene beds immediately underlying the
Foley formation is marked by the clam Rangia (Miorangia)
johnsoni. Fisk (1944, fig. 68) maps the top of the Miocene beds
at a depth of about 2,500 feet below mean sea level at Lake Charles.
As the base of the deposits of Pleistocene age is about 700 feet below
mean sea level (pl. 4), the Pliocene deposits are considered to be
about 1,800 feet thick at Lake Charles. The data presented by
Jones and others (1956, pl. 8) and Fisk (1944, fig. 68) indicate
that the thickness of the Evangeline aquifer generally increases
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toward the south in Calcasieu Parish. At DeQuincy in the northern
part of the parish, the thickness is about 1,000 feet. Considerable
additional data are needed to establish definitely the age and
correlation of sedimentary rocks of Pliocene age in Calcasieu Parish.

DEPOSITS OF MIOCENE AGE

Underlying the Pliocene deposits are the Fleming formation of
Fisk (1940) and the Catahoula formation of Miocene(?) age. The
top of the Rangia johnsoni faunal zone is used to mark the top of
the Miocene rocks by gulf-coast geologists (Fisk, 1944, fig. 68).
These formations generally consist of lenticular beds of gray sand,
silty clay, and clay that have a total combined thickness of about
7,000 feet at DeQuincy (Fisk). However, because no water wells
penetrate these deposits in Calcasieu Parish, formation samples for
either lithologic or faunal determinations were not available for
study.

STRUCTURE

Calcasieu Parish lies near the east-trending axis of the gulf-coast
geosyncline, which coincides approximately with the Louisiana coast-
line. During subsidence of the geosyncline throughout Cenozoic time,
thick wedge-shaped deposits of clay, silt, sand, and gravel were laid
down. These deposits are thickest (about 30,000 feet) along the
axis of the geosyncline.

Regional faulting of sedimentary rocks as young as Pleistocene
has occurred in Calcasieu Parish in the vicinity of the Houston
River (Jones and others, 1954, p. 100). Local deep-seated faults
are commonly found during exploration for oil. Generally these
faults have an eastward trend. This faulting may be related to:
the Cascadian revolution (a period of considerable widespread
crustal disturbance), which began in Miocene time and lasted well
into late Pleistocene time; crustal instability related to the sub-
sidence that is occurring south of the Cameron-Calcasieu Parish
line and the uplift occurring north of this line (Howe and others,
1935, p. 37); and local penetration of salt plugs into the strata of
Pleistocene age (Howe and others, 1935, p. 87).

Structural features such as salt domes show a marked effect on
the occurrence of fresh ground water. (See pl. 9.) In Calcasieu
Parish there are 24 oil or gas fields, of which 6 are associated with
salt domes—the Starks, Edgerly, Sulphur Mines, Iowa, Vinton, and
Lockport. Some of these salt plugs have risen to within 1,200 feet
of the surface and have resulted in faulting of the overlying and
surrounding strata. These faults probably are restricted to the
vicinity of the dome. Evidence of possible faulting in the vicinity
of the Starks dome is indicated by the occurrence of salt-water-

506361—60—2
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bearing sand at a depth of less than 800 feet below sea level. (See
pl. 9.) The irregularity of deposition during the Pleistocene with
regard to thickness and distribution of individual beds makes the
delineation of fault zones extremely difficult. Much more informa-
tion is needed to establish definitely the exact geologic and hydrologic
relationship existing between geologic structural features and fresh-
water aquifers.

GENERAL HYDROLOGY

OCCURRENCE OF GROUND WATER

Ground water may be defined as that part of the subsurface water
in the zone of saturation (Meinzer, 1923, p. 38). It is the water that
is available to wells or is discharged through springs. The source
of essentially all ground water is precipitation in the form of rain
or snow; part of this precipitation runs off from the surface of the
ground directly into lakes or streams, part is returned to the at-
mosphere by evapotranspiration, and the remainder percolates down
to the water table, replenishing the aquifers. Ground water is dis-
charged from aquifers by means of wells; by movement into over-
lying or underlying aquifers; by springs; by effluent seepage to
streams, canals, and lakes; and by evapotranspiration where the
water table is near the land surface.

Ground water occurs under water-table conditions in areas where
the water falling on the land surface can percolate downward
through pore spaces in the ground to the zone of saturation. The
upper surface of this zone of saturation is the water table. (See
fig. 4.) Artesian conditions exist where the water-bearing formation

WATER-TABLE
WELL  NONFLOWING
ARTESIAN WELL

FLOWING
ARTESIAN WELL

PIEZOMETRIC
i __[SURFAce

......
.....

FiaURE 4.—Idealized section showing water-table and artesian conditions.
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(aquifer) is overlain by a less permeable formation (aquiclude) and
the water in the aquifer is under hydrostatic pressure, rising above
the aquifer in wells penetrating it. The piezometric surface is an
imaginary surface representing the height, with reference to a
common datum such as sea level, to which water will rise in a well
tapping an artesian aquifer. Throughout Calcasieu Parish the
water in the principal water-bearing sands is under artesian pressure
and thus, although not flowing, the wells in these sands are con-
sidered to be artesian wells.

HYDRAULIC CHARACTERISTICS

The amount of water that a material can hold is a direct function
of its porosity. Where the pore spaces are large and interconnected,
as they commonly are in sand and gravel, water is transmitted more
or less freely, and the material is said to be permeable. Where the
pore spaces are small, as in clay, water is transmitted slowly and
the clay is said to be semipermeable or impermeable. Alluvial de-
posits of sand and gravel usually are very permeable and are
considered good aquifers. Clay and silt deposits are relatively
impermeable and are considered poor aquifers, even though they
usually have a higher porosity than sand and gravel. A measure of
the ability of a material to transmit water is given by the field
coefficient of permeability (Z;), which may be defined as the rate
of flow of water in gallons per day through a cross-sectional area
of 1 square foot under a hydraulic gradient of 100 percent at the
prevailing ground-water temperature. The field permeability (Py)
multiplied by the thickness of the aquifer (m), in feet, is equal to
the coeflicient of transmissibility (7'). The coefficient of trans-
missibility usually is determined in the field by pumping tests and
may be defined as the number of gallons of water transmitted in
1 day through a vertical strip of the aquifer 1 foot wide having a
height equal to the saturated thickness of the aquifer under a
hydraulic gradient of 100 percent at prevailing ground-water tem-
perature. Under certain conditions the coefficient of storage (S§)
may be determined concomitantly with the coeflicient of trans-
missibility. The coefficient of storage of an aquifer represents the
volume of water released from storage or taken into storage per
unit surface area of the aquifer per unit change in the component
of head normal to that surface. These two coefficients are the
principal hydraulic characteristics of an aquifer used in computations
of ground-water flow.

PUMPING TESTS

The data obtained from pumping tests using one or more observation
wells are used to calculate transmissibility and storage coefficients.
Theis (1935, p. 519-524), utilizing an analogy of the flow of ground
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water to the flow of heat by conduction, developed the nonequilibrium
formula for computing the coeflicients of storage and transmissibility.

The formula is—
_1460 [ e
$==7 fx.sms udu )
Tt
where—

s is drawdown, in feet, at observation well

Q is discharge, in gallons per minute

T is coefficient of transmissibility, in gallons per day per foot
r is distance, in feet, from observation well to pumped well
S is coefficient of storage

¢ is time, in days, since pumping started.

The Theis nonequilibrium formula assumes that the aquifer is of
infinite areal extent and uniform thickness and is homogeneous and
isotropic (conducts water with equal facility in all directions), that
the coefficients of transmissibility and storage in the aquifer remain
constant at all times and places, that the pumped well is of in-
finitesimal diameter and completely penetrates the aquifer, and
that water is released from storage instantaneously with a decline
in artesian head. From the formula, it is apparent that the rate
of drawdown in an observation well is directly proportional to the
discharge rate of the pumping well. Therefore, for any value of
transmissibility and storage at any time and distance, an increase or
decrease in the discharge rate will cause a proportionate increase or
decrease in the theoretical drawdown; for example, doubling the
discharge rate will double the theoretical drawdown.

During this study, pumping tests were made in the winter when
pumping for irrigation was negligible and industrial requirements
were at a minimum, and a maximum number of observation wells
could be used without adversely affecting normal operations. How-
ever, despite determined efforts of well owners to regulate pumping,
it was not possible to make long-period pumping tests because of
varying discharge rates caused by the breakdown of equipment and
fluctuations in normal line pressure. During the tests, discharge
measurements were made by means of water meters, orifices, Cox
flowmeters, and the trajectory method. Depth-to-water measure-
ments in wells were made by using electric tapes, steel tapes, and
water-stage recorders readable to the nearest hundredth of a foot.
For a period before each test, water levels were measured to deter-
mine the water-level trend, for use in adjusting the water-level
drawdown or recovery data obtained during the test.

The coefficients of transmissibility and storage were determined as
follows (Wenzel, 1942, p. 87) : The adjusted drawdown or recovery
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values were plotted against time on logarithmic paper and the
resulting curve was matched, by superposition, with a type curve
derived from the Theis nonequilibrium formula. After matching
with the type curve, values of W (u), u, drawdown (s), and time (Z)
were obtained for substitution in the formula. To facilitate com-
putations, these values were determined by selecting a match point
on the observed data graph where W (%) and % are equal to 1. A
typical plot of observed data and its relation to the type curve is
shown in figure 5.
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FI1GURE 5.—Graph of results obtained from a pumping test in well Cu-590 in the
Lake Charles industrial distriet.

The Theis formula, as modified by Ferris (1948) and by others,
can be used to determine the presence of hydrologic boundaries.
However, owing to test-time limitations no effects of hydrologic
boundaries, either recharge or barrier, were shown by the drawdown
and recovery curves. Future pumping tests made over a longer
period of time may indicate the presence of boundaries and supple-
ment the available geologic and hydrologic information.

The calculated storage coefficients indicate that water in the
“200-,” “500-,” and “700-foot” sands is under artesian conditions.
The values of transmissibility, permeability, and storage calculated
from data obtained during pumping tests, length and type of tests,
wells used, owners, aquifers tested, and sand thicknesses are listed
in table 2. As the coeflicient of transmissibility is a function of the
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18 GEOLOGY AND GROUND WATER, CALCASIEU PARISH, LA,

aquifer’s permeability and thickness, a thickening or thinning of
the aquifer will, if the permeability is constant throughout the
aquifer, produce a corresponding change in value of the coefficient
of transmissibility. The effect on drawdowns caused by changes
in the coefficient of transmissibility is shown on figure 6. Graphs
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F1GURE 6.—Graph showing the theoretical drawdown in infinite aquifers having different
coeflicients of transmissibility.
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showing the theoretical effects of pumping from aquifers having
transmissibility and storage coefficients determined for each prin-
cipal sand are included in the section “Rock formations and their
water-bearing properties.”

The effect on water levels of pumping in a well field also can be
predetermined using the coefficients of transmissibility and storage.
For example, in table 3 the drawdown of water levels are tabulated
for a field consisting of four wells, 8 inches in diameter, tapping
an ideal aquifer. These computations are based on the following
assumptions: The distance between the wells is as shown in table 4;
all wells started pumping simultaneously at a rate of 1,500 gpm
each for 100 days; the coefficients of transmissibility and storage
are 200,000 gpd per foot and 0.0005, respectively; and the wells have
an efficiency of 100 percent.

A well assumed to be 100 percent efficient is a discharging well in
which the water level is at the same level as that immediately out-
side the well—that is, a well in which there are no well-entrance
losses. Because of construction factors, such as incomplete well
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Tasre 3.—Theoretical drawdown, in feel, in 4 wells pumping 1,600 gpm each for
100 days under assumed conditions

Well 1 2 3 4
1o e 19.0 11. 4 9.6 9.1
e 11. 4 19.0 10. 0 91
b S 9.6 10. 0 19. 0 9.8
S 9.1 9.1 9.8 19.0
Total drawdown___._____. 49.1 49.5 48. 4 47.0

TABLE 4.—Distance, in fcet, between wells listed in table 3

Well 1 2 3 4
) SR 0 100 300 400
B e 100 0 240 - 410
B e 300 240 0 280
4 400 410 280 0

development and improper selection of screen apertures, the meas-
ured drawdown in a pumped well is usually greater than the theo-

retical drawdown.
SPECIFIC CAPACITY

The specific capacity of a well is defined as the yield per unit of
drawdown of water level in the well for a given time. It is com-
monly expressed in terms of gallons per minute per foot of draw-
down (gpm per foot). The specific capacity of a well is depend-
ent primarily on the well’s effective diameter, the degree of devel-
opment or efficiency of the well, and the transmissibility of the
formation.

Specific-capacity data may be used to:

1. Compare the capabilities of different aquifers to yield water
to wells. Wells screened in the Chicot aquifer have average re-
ported and measured specific capacities of 24 to 40 gpm per foot,
whereas wells screened in the Evangeline aquifer have specific capac-
ities ranging from 2 to 20 gpm per foot (Jones and others, 1954,
p. 132). This difference indicates the greater ability of the Chicot
aquifer to yield water to wells.

2. Measure the well efficiency or determine the adequacy of well
development. Specific capacities determined during the course of
development of a new well will increase to an optimum value, de-
pending on the hydraulic characteristics of the aquifer and on the
construction of the well. On the basis of the average coeflicients
of transmissibility and storage determined for the “500-foot” sand
in the industrial district, a 12-inch well, 100 percent efficient, has a
theoretical specific capacity of 80 gpm per foot at the end of 1 day
of continuous pumping. The observed specific capacities of “500-
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foot” wells generally are about 40 gpm per foot. Theoretically,
therefore, the wells have an average efficiency of about 50 percent.

3. Determine optimum pumping rates. Figure 7 is a plot of spe-
cific capacity and discharge for well Cu-95, an industrial well in
Calcasieu Parish. It shows that as the pumping rate increases above
600 gpm the specific capacity decreases. The decrease, probably the
result of a change from laminar to turbulent flow in the vicinity of
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IGURR 7.—Graph showing relation of specific capacity and yield of well Cu-95.
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the well screen, indicates the critical discharge or optimum pumping
rate for well Cu-95 to be about 600 gpm.

4. Indicate whether the decline in yield of a well is caused by
well or pump failure. If the yield of a well declines but the spe-
cific capacity remains unchanged, the decline in yield is the result
of declining areal water levels or faulty pumping equipment,
whereas, if a decline in yield is accompanied by a decrease in spe-
cific capacity, the efficiency of the well has declined and the need
for redevelopment is indicated. For example, in 1942 the specific
capacity of well Cu-95 was 32 at a yield of 1,500 gpm, and in 1956
the specific capacity was about 6 at an optimum yield of 600 gpm.
(See fig. 7.)

WATER-LEVEL FLUCTUATIONS

Water levels in wells penetrating an artesian aquifer fluctuate
continuously, owing to pumping and to natural causes such as baro-
metric and tidal changes, and natural discharge. Changes in baro-
metric pressure are usually reflected as diurnal and longer term
changes of water levels in wells. Changes in tide level often pro-
duce subdued changes of water level in wells adjacent to tidal
waters. An increase in barometric pressure produces a decline of
the water level in an artesian well, by forcing water out of the well
into the aquifer. Conversely, a rise in tide level produces a rise in
water levels in artesian wells because of the increased load and
consequent compression of the aquifer. Another loading effect that
may cause water levels to fluctuate in wells is the weight of trains
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that pass nearby. Water-level fluctuations and the effects of a pass-
ing train are shown on the hydrograph for well Cu-77 (fig. 8). The
small jogs, or vertical lines, are caused by rapid compression of the
aquifer when the trains are passing the well. The larger decline
and subsequent recovery of water levels shown on figure 8 were
caused when nearby wells were turned on and off.
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FIGURE 8.—Graph showing water-level fluctuations in well Cu-77 for the period
February 10-16, 1955.

Although shallow water-table wells are directly and rapidly
affected by changes in the amount of rainfall, there have been no
observed water-level changes in wells in the “200-,” “500-,” and
“700-foot” sands in Calcasieu Parish due to normal variations in
precipitation. However, changes in temperature and rainfall affect
the quantities of water used; this indirectly affects the water levels.
Water levels in wells are lowest during the summer when water
use is highest. The period of low levels may or may not coincide
with a period of low rainfall.
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RECHARGE AND DISCHARGE

Recharge to water-bearing sands in Calcasieu Parish is from
precipitation and by movement of ground water into the parish
from surrounding areas.

.Recharge to the shallow sands of Recent age is by the movement
of water from the land surface downward to the water table. Water
levels in wells penetrating these deposits usually rise soon after
a rain, especially when the soil is not dry enough to absorb all the
water before it reaches the water table. Water levels in some
water-table wells adjacent to streams rise and fall with stream
levels, indicating that the stream serves both as a source of recharge
and a means of discharge.

Recharge to the Chicot aquifer occurs principally in the outcrop
areas in Beauregard, Allen, Rapides, and Evangeline Parishes. A
part of the rainfall in these areas enters the aquifer and moves
laterally to points of discharge. In general, the amount of water
received is greater than the amount that can be transmitted down-
dip, and consequently the excess water is rejected in the recharge
area. Many of the streams there, such as the Calcasieun River and
some of its tributaries, are hydrologically connected to the aquifer
and may serve as a source of recharge or an area of discharge.

The permeability of the clays within and above the Chicot aquifer
has not been accurately determined. Locally, however, substantial
amounts of recharge to the “500-foot” sand may occur by downward
movement of water from the “200-foot” sand, or by upward move-
ment from the “700-foot” sand, through clays in areas where the
piezometric surface in the “500-foot” is lower than that in the
“200-” and “700-foot” sands. A quantitative estimate of recharge
from these sources is given elsewhere in the report under “Vertical
movement” in the section “Depth of occurrence of fresh ground
water.”

Discharge from the Chicot aquifer occurs by natural means and
by pumping from wells. In the recharge area of the aquifer, the
rejected recharge is discharged naturally into streams; and where
the water level is near the land surface, large quantities of water
are discharged by evapotranspiration. Prior to the start of intensive
pumping of wells in Calcasieu Parish, discharge also occurred
downdip by vertical leakage of water through the confining beds
into other aquifers, into streams, and into the Gulf of Mexico.

Recharge to the Evangeline aquifer occurs in its outcrop area
where rain falls on the exposed surface. The water then moves
downdip in the aquifer to points of discharge. Discharge from
this aquifer in Calcasieu Parish is principally by upward move-
ment through overlying beds into the Chicot aquifer. The amount
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of water moving from the Evangeline aquifer into the Chicot aquifer
is not now known, but it depends on the thickness and permeability
of the intervening beds and the head differential between the
aquifers.

QUALITY OF WATER

The mineral matter in fresh ground water is derived from the
soil and rocks through which the water passes. All minerals are
soluble in water to some extent; common salt is readily soluble,
whereas quartz is considerably less soluble. Limestone is soluble
in water containing carbon dioxide. Because fresh ground water
moves very slowly through some rocks, there is adequate time for
solution to take place and the water to become mineralized. If a
velocity of 0.5 foot per day is assumed, water entering the aquifer
in southern Beauregard Parish and removed from the ground in
central Calcasieu Parish, a distance of 24 miles, would have nearly
700 years in which to assimilate rock materials. Generally, water-
bearing sands containing large quantities of calcium, magnesium,
iron, and aluminum minerals yield hard water, and aquifers com-
posed of pure quartz sand will yield soft water. Some hard waters
may become softened by passing through sediments containing
natural zeolites, which exchange adsorbed sodium for the calcium
and magnesium in the water.

Water samples from selected wells throughout the parish were
collected and analyzed. The results of analyses made available by
companies in the industrial district are included in table 7 in addi-
tion to the results of analyses made in the Quality of Water
laboratory, Austin, Tex., of the U.S. Geological Survey and field
determinations of chloride.

The concentrations of certain dissolved constituents in drinking
water (U.S. Public Health Service, 1946, p. 371-384), which pre-
ferably should not be exceeded in potable water used on interstate

carriers, are shown below:
Concentration

Constituent (ppm)
Iron and manganese (Fe and Mn) 0.3
Magnesium (Mg) 125
Sulfate (S0O,) 250
Chloride (C1) 250
Dissolved solids 500

A concentration of dissolved solids of 1,000 ppm is permissible
if water of better quality is not available. The concentration of
fluoridé must not exceed 1.5 ppm.

The National Research Couricil (Maxcy, 1950) in relating nitrate
concentrations to the occurrence of methemoglobinemia (blue baby
disease) recommends an upper limit of 44 ppm of nitrate as NO; in
water used for infant feeding.
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Because the amount of salt in irrigation waters in southwestern
Louisiana is often expressed as grains per gallon, figure 9 was
prepared so that the concentration of chloride in parts per million
can be converted approximately to grains per gallon of sodium
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F1GURE 9.—Chart for converting parts per million of chloride to grains per gallon of
sodium chloride (NaCl).

chloride. This conversion graph is based on the assumption that
all the chloride present in the water is the result of the solution
of sodium chloride.

TEMPERATURE OF GROUND WATER

The temperature of ground water is often of great importance
to industries contemplating use of the water. Ground water usu-
ally has a more uniform temperature than surface water; conse-
quently, it is more desirable for certain industrial uses. The
temperature of water from the 8 principal aquifers in Calcasieu
Parish ranges from 70° to 79°F. Temperatures of water pumped
from wells in the “200-,” “500-,” and “700-foot” sands are shown
in figure 10. The variations of temperature in wells of the same
depth may be due to friction in the pump and casing, method of
measurement, entrance of water at different levels in different wells
penetrating the same sand, or slight local variations in temperature
at the same depth at different places in a given aquifer. A line
drawn through the greatest concentration of points indicates that
there is a 1°F rise in temperature for about each 70-foot increase
in depth. This thermal gradient is in general agreement with that
determined in other sections of Louisiana (Meyer and Turcan, 1955,
p. 72).
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ROCK FORMATIONS AND THEIR WATER-BEARING
PROPERTIES

Ground water occurs in deposits of Recent, Pleistocene, Pliocene,
and possible Miocene age in Calcasieu Parish. These deposits, con-
sisting of unconsolidated gravel, sand, silt, and clay, contain fresh
water to maximum depths ranging from about 250 feet to about
2,500 feet.

The deposits of Recent age are of small areal extent and supply
only small quantities of water to wells. The deposits of Pleistocene
age contain thick, extensive water-bearing beds that supply prac-
tically all the ground water used in Calcasien Parish. In the
northern part of the parish, deposits of Pleistocene age contain
fresh water throughout their entire thickness, whereas in the south-
ern part salt water is present in the lower part of the deposits.
Data from electrical logs of oil-test wells indicate that the deposits
of Pliocene age contain fresh water only in the extreme northern
part of Calcasieu Parish. At present there are no known fresh-
water wells screened in these deposits in Calcasieu Parish; however,
because of the lack of necessary data it is difficult to correlate exactly
the various formations in the vicinity of DeQuincy with known
aquifers to the south, and it is possible that the sands below a depth
of 500 feet (at DeQuincy) are of Pliocene age. Deposits of this
age supply moderate quantities of water in Beauregard, Allen, and
Evangeline Parishes.
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DEPOSITS OF RECENT AGE

Shallow wells in deposits of Recent age supply small quantities
of water in Calcasien Parish. These wells are generally less than
50 feet in depth and yield an average of only 2 to 3 gpm. The
sands in which the wells are bored or dug range from 1 to 10 feet
in thickness and are local in extent. The exact thickness and areal
extent of the sand phase of the Recent deposits has not been de-
termined; consequently, it is difficult to estimate the hydrologic
characteristics and potential yields of these deposits. The water
is moderately hard and in some places is contaminated, as indicated
by a chloride content as high as 1,300 ppm.

DEPOSITS OF PLEISTOCENE AGE

Locally in Calcasieu Parish there are shallow beds of Pleistocene
age in the Chicot aquifer which provide small quantities of water
for domestic and stock uses. However, the principal water-bearing
sands in the Chicot aquifer in Calcasieu Parish are the “200-foot,”
the “500-foot,” and the “700-foot” sands. (See pls. 3 and 4.) The
“200-foot” sand supplies water to irrigation and public-supply wells
in the eastern part of the parish and to several industrial wells in
the central part of the parish. It is also the primary source for
domestic wells. The “500-foot” sand is the most heavily developed
aquifer in the parish and is the principal source of ground water
for industrial needs and irrigation. The “700-foot” sand supplies
water to the cities of Lake Charles and DeQuincy, to a few nearby
industries, and to irrigators in the south-central part of the parish.

CHICOT AQUIFER
SHALLOW SANDS

A few wells in the southern and central areas of the parish re-
portedly yield water from a bed of oyster shells and associated beds
of silty sand, which occur locally at depths of about 100 feet.
These beds usually yield small quantities (less than 100 gpm) of
hard water for rural supplies. Locally shallow sand lenses, pene-
trated by bored, dug, or drilled wells, supply small quantities of
ground water for domestic and stock uses throughout the parish.
Two wells at the Lake Charles Air Force Base are used for water-
ing animals and have yields of 50 gpm. The amount of water
withdrawn from these deposits is probably less than a quarter of
a million gallons per day and is not considered in the section on
“Withdrawals and their effects.”

Locally, water from shallow wells adjacent to streams containing
salt water may become contaminated when the stream levels are
higher than the ground-water levels. It has been reported that
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some ‘shallow wells in the vicinity of the Houston River yielded
water of high chloride content. However, there is no apparent
contamination of the underlying sands from this source, as indicated
by the chemical analyses of water from the “200-foot” sand in this
vicinity (table 7).

“200-FOOT” SAND

Distribution and thickness—The “200-foot” sand, as shown by the
fence diagram (pl. 83) and cross sections A-A’ and B-B’ (pl. 4),
extends under the entire parish but is irregular in thickness and
depth. In general, the sand is thickest in the southeastern part of
the parish. For example, the log of well 26 (pl. 8) shows the sand
to be 200 feet thick, and that its top is at a depth of 180 feet. At
the eastern edge of the parish the sand is 190 feet thick and occurs
at a depth of 85 feet. (See well 8, pl. 3; well 20, pl. 4.) In the
industrial district, well Cu~92 (well 16, pl. 4) shows the sand to be
70 feet thick and to occur at a depth of 165 feet. At the western
edge of the parish the sand is 20 feet thick in well 12 (pl. 4) and
is at a depth of 175 feet. Although not shown on plates 3 and 4,
the “200-foot” sand in the southwestern part of Calcasieu Parish
splits into two, three, or more separate sands. The general dip of
the top of the “200-foot” sand is southward at a rate of 4 to 10 feet
per mile; however, rapid changes in thickness may locally cause
the dip to vary considerably, as in the southwestern part of the
parish were it increases to 50 feet per mile. (See pl. 6.) The out-
crop and recharge area of the “200-foot” sand is in northern Calcasieu
and southern Beauregard Parishes, where in many places it is
covered by a clay layer up to 75 feet thick. Where the clay layer
is very thick, probably little recharge occurs; however, where it is
quite thin or nonexistent, large amounts of water can move down
into the sand. It is probable that permeable deposits, contained
in the old stream valley now occupied by the upper reaches of the
West Fork of the Calcasieu River, locally penetrate through the
clay layer and provide a means of recharge to the “200-foot” sand
when ground-water levels are below stream levels.

Generally, the “200-foot” sand grades from fine to medium sand
at the top to a coarse sand or gravel at the base. In some places,
as at Sulphur, the finer materials predominate; in the vicinity of
Holmwood, however, there is a complete sequence from fine to
coarse sand. The results of mechanical analyses of formation sam-
ples from well Cu-560, in the industrial district, are presented in
figure 11. The sand grains making up the formation are dominantly
subangular quartz grains slightly iron stained, with a small per-
centage of dark minerals. Where present, the gravel is made up
of chert pebbles.

506361—60——3
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DIAMETER OF GRAINS, IN INCHES
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Figurn 11.~—Cumulative curves showing grain size of materials from the “200-foot” sand.

Hydrology—The “200-foot” sand is used mainly to supply water
for domestic and irrigation purposes. In the western part of
Calcasieu Parish where the aquifer is thin, it provides water only
for domestic use; in the central part it provides water for industrial
use. In the eastern part of the parish, it is the principal source
of water for irrigation and public supply.

Within the industrial district there are two large-capacity wells
in the “200-foot” sand. One well had a reported specific capacity of
50 gpm per foot of drawdown at a yield of 2,000 gpm when installed
in 1940. In the eastern part of the parish, where the “200-foot”
sand supplies most of the water used for irrigation, yields of 10
wells listed in table 7 range from 1,800 gpm to 4,500 gpm and
average 2,800 gpm. The results of a pumping test using wells
Cu-90 and Cu-88 (at Westlake) indicate an average permeability
of 800 gpd per square foot for the “200-foot” sand in the industria}
district (table 2). The average coefficients of transmissibility (7')
and storage (8) determined from a test using wells Cu-497 and
Cu-633 in the vicinity of Holmwood are 260,000 gpd per foot and
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0.00086, respectively. The average permeability of the “200-foot”
sand in this area is 1,500 gpd per square foot. The variation in
permeability in the “200-foot” sand is typical of the Chicot aquifer
throughout southwestern Louisiana and is usually due to texture
changes. At Holmwood, where the texture of the aquifer grades
from fine to coarse sand, the permeability is about 60 percent
greater than at Westlake, where the aquifer is composed primarily
of finer materials.

The curves in figures 12 and 13 were computed by using the
above-mentioned average coefficients of transmissibility and storage
determined for the “200-foot” sand in the Holmwood area. These
curves do not take into consideration hydrologic boundaries and
changes in the character of the aquifer that might exist. The
distance-drawdown curve in figure 12 shows that a well pumping
1,500 gpm for 100 days would cause a theoretical drawdown of
about 6.0 feet at a distance of 1,000 feet. The time-drawdown
curve (fig. 13) shows that a well pumping 1,500 gpm for 1,000 days
would cause a drawdown of 7.5 feet at a distance of 1,000 feet.

Quality of water—Chemical analyses of water from the “200-
foot” sand are given in table 7. The water generally is of the sodium
bicarbonate type, but it contains sufficient calcium and magnesium
as to make it moderately hard to hard. Generally the iron content
is less than 1 ppm; however, locally it may be as high as 8.5 ppm,
as shown by the analysis for well Cu-347. The temperature of the
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water averages about 72°F. The chloride content of water from
this sand is generally less than 100 ppm, except in the eastern part
of the parish where it is as much as 300 ppm and the dissolved
solids are as high as 700 ppm. (See analyses for wells Cu-347,

Cu-640, and Cu-642.)
“§00-FOOT” SAND

Distribution and thickness—The “500-foot” sand is the principal
aquifer in Calcasieu Parish. Its distribution throughout the parish
is illustrated by cross sections A-A4’ and B-B’ (pl. 4) and the fence
diagram (pl. 8). The aquifer has a maximum thickness of 810 feet
in the north-central part of the parish, as shown by the log of well
13 on plate 4, and a minimum thickness of about 25 feet in the
southeast corner of the parish, as shown by well 26 on plate 3.
The variation in thickness throughout the parish is shown by
isopach contours on plate 7. The exact correlation of the “500-foot”
sand northward from Sulphur to the parish line is tentative, owing
to the irregularity of the beds and a lack of adequate subsurface
information. In the southwest corner of Calcasieu Parish, the “500-
foot” sand is between the depths of 590 and 750 feet; at Vinton
it is between the depths of 410 and 600 feet and contains a clay
layer between 470 and 500 feet. Within the industrial district the
sand is about 170 feet thick between the depths of 390 and 560 feet
in well Cu-74, and 200 feet thick (including a 10-foot clay bed)
between the depths of 330 and 530 feet in well 16 (pl. 4). At well 1
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(pL 4), in the vicinity of DeQuincy, the “500-foot” sand is about
195 feet thick between the depths of 165 and 360 feet, and at Iowa,
in the eastern part of the parish, it lies between the depths of 440
and 500 feet. (See well 20, pl. 4.)

Southwest of the industrial district, at well Cu—453, there is a
sand between the depths of about 170 and 345 feet which appears
to be of local extent; however, a study of water levels measured
in this well indicates that it is hydrologically connected with the
“500-foot” sand.

The “500-foot” sand dips southward from the outcrop area in
central Beauregard and Allen Parishes at an average rate of 18 feet
per mile. North of the industrial district, the average rate of dip
is 18 feet per mile, whereas south of this area it increases to about
40 feet per mile. Locally the dip may vary considerably, owing
to the unevenness of both the top and the bottom of the aquifer.

The material composing the “500-foot” sand is gray to brownish
and usually ranges from fine sand at the top to coarse sand and
gravel near the base. Results of the mechanical analyses made of
sand samples from the “500-foot” sand are shown on figure 14.

DIAMETER OF GRAINS, IN INCHES
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The sand consists dominantly of subangular quartz grains (a few
iron-stained) and some dark minerals. The gravel is composed
mostly of chert pebbles. Chunks of carbonized wood are often
found in drill cuttings from layers where large logs were deposited
with the sand and gravel. (See driller’s log of well Cu-653 in
table 8.)

Hydrology—The “500-foot” sand is the most heavily developed
aquifer in Calcasieu Parish. (See table 5.) It supplies water to
the towns of Sulphur, Edgerly, and Vinton, La., and Orange, Tex.;
to a large number of irrigation wells in the area; and to most of the
industries. The amount of water withdrawn from the “500-foot”
sand for each use in 1955 is given in table 5. The “500-foot” sand
is not utilized to a large extent as a source of supply in the south-
eastern part of the parish, where it is relatively thin and consists
of fine sand.

Reported yields from industrial wells screened in the “500-foot”
sand range from 600 to 2,000 gpm. The reported specific capacities
of industrial wells range from about 6 to 75 gpm per foot of draw-
down and average 40. Irrigation wells, pumped to open discharge
generally have greater yields than industrial wells. For example,
the measured yields from two irrigation wells, Cu-635 and Cu—639,
were 3,800 and 2,500 gpm, respectively.

The hydraulic characteristics of the “500-foot” sand were de-
termined by pumping tests made at six separate sites using existing
industrial and irrigation wells. The values of the coefficients of
transmissibility, storage, and permeability are given in table 2. In
the industrial district the average values determined are coefficient
of transmissibility, 190,000 gpd per foot; coefficient of storage,
0.00054; and coefficient of permeability, about 1,200 gpd per square
foot. The permeability of the “500-foot” sand in the northern part
of the parish as determined from a test made at well Be-359 (about
half a mile northeast of well Cu-208) is about 2,000 gpd per square
foot (table 2), whereas to the south in the vicinity of the Calcasieu-
Cameron Parish boundary the permeability decreased to about 1,000
gpd per square foot. (See results of tests of wells Cu-263 and
Cu-59 in table 2). This variation in permeability is due to textural
changes within the “500-foot” sand from south to north, where the
coarser materials predominate. The average coefficient of trans-
missibility determined from pumping tests for the “500-foot” sand
in Calcasieu Parish is 200,000 gpd per foot, which compares reason-
ably well with that (300,000 gpd per foot) determined from a
geometric analysis of piezometric maps (Jones and others, 1954,
p. 149).

On the basis of the assumptions that the aquifer is homogeneous,
infinite in areal extent, and without lateral boundaries, and making
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use of the above-mentioned coefficient of transmissibility of 200,000
gpd per foot and an average storage coefficient of 0.00054, the
curves in figures 15 and 16 were prepared. The graph in figure 16
shows that after 1 year of continuous pumping at 1,500 gpm water

2 T LI ) B B A T T— T 7 T 1TT T T T TTrIT T LEMRNS SIS 2R BB 1

-v
al L omasol oY,
T v J

B 187,25 4
n
7 =200,000 gpd per foot

6 S =0.00054 -
Q =1500 gom
L 7 =100 days e
EXPLANATION A

T =Coetficlent of transmissiblity, in gatlons per day per foot
1S of storage, di i
Q =Discherge, In gallons per minute 5
ok r =Distance from pumped well, in feet

s =Drawdown of water level, In feet ,
| ¢ =Time, in days .

14 /
6 i L 11:/ 1 I Y I [ 1 TR A W
i

10 1000 10,000

DRAWDOWN, s, IN FEET

100
DISTANCE, ~, FROM POINT OF DISCHARGE, IN FEET

F10U0RB 1§.~—Theoretical distance-drawdown relationship in an infinite aquifer having the
hydraulic characteristics determined for the “500-foot” sand.

2 T T T T T7T77 T T T T 1T1TT T l}llflll 1 T T T T7TT

™ \
11460 e

i R

|187,25
- T =200,000 g4 per foot | T

S =0.00054

@®
T
~

f

Q =1500 gpm
r =1000 ft

DRAWDOWN, s, IN FEET

L
]

- u:l
EXPLANATION g

|7 =Coethcient of transmissibility, in galions per day per foot "I
S =Coefficient of storage, i “"f

| Q =Dischiarge, in galions per minute cZ)I

1

|

¢ =Distance from pumped well, in feet
|_.5 =Drawdown of water level, in feet
¢ =Time, in days

16 1 1 1§ 1111 1 4 i J i 1 1 1111t i1 1 1 1ty
1 1o 100 1000 10,000
TIME, 1, IN DAYS
Fieurn 16,—Theoretical time-drawdown relationship in an infinite aquifer having the
hydraulic characteristics determined for the “500-foot” sand.




34 GEOLOGY AND GROUND WATER, CALCASIEU PARISH, LA.

levels at a distance of 1,000 feet from the pumping well would
decline about 9 feet.

Quality of water—Chemical analyses of water from wells screened
in the “500-foot” sand (table 7) show the water to be moderately
hard and to have a pH range from 6.7 to 8.6. The average of dis-
solved solids is 302 ppm and the chloride content is generally low
in the northern and central parts of the parish where the average
is about 30 ppm. Immediately south of the parish line in Cameron
Parish, several irrigation wells yield water having a chloride content
of 300 to 500 ppm. However, water samples collected in the
southern part of Calcasieu Parish show no widespread salt-water
contamination. Concentrations of chloride of more than 600 ppm
are found locally above salt dome structures. (See analyses for
well Cu-585 in table 7.) The total iron content ranges from 0.04
to 11 ppm, and the average for 28 samples (table 7) is 2.3 ppm.
The temperature of the water averages 7T4°F.

“700-FOOT” SAND

Distribution and thickness.—The “700-foot” sand supplies water
to industries and irrigators and is the source for public supply at
Lake Charles. (See table 5.) The sand is at a depth of about
700 feet in the industrial district near Lake Charles. As shown by
the fence diagram and the cross sections (pls. 8 and 4), the “700-
foot” sand is rather thick and is continuous throughout the parish.
In several places, clay layers divide the aquifer into two or three
separate layers; however, because the clay layers are not continuous,
the sands are considered to be hydrologically connected. The
aquifer has a total thickness of 220 feet in the industrial district.
(See well 7, pl. 4.) It is about 205 feet thick in the eastern part of
the parish (see well 20, pl. 4), 90 feet thick in the western part
of the parish (see well 16, pl. 3; well 11, pl. 4), and 60 feet thick
in the vicinity of DeQuincy in the northern part of the parish
(see well 1, pl. 4).

The regional dip of the sand between wells 1 and 10 on plate 4
is southward at about 10 feet per mile. The dip varies greatly,
as shown by cross section 4-4' (pl. 4) and by the contours drawn
on the top of the “700-foot” sand shown on plate 8. In the central
part of the parish, the dip is nearly flat as far south as the Sulphur
mines in the vicinity of Sulphur, whereas in the area due south of
Sulphur it increases to about 10 feet per mile. In the vicinity of
Moss Lake, the rate of the southward dip increases to 50 feet
per mile.

The “700-foot” sand is generally tan to grayish and grades from
fine at the top to coarse at the bottom, as shown by the cumulative
curves in figure 17. The grains are less iron stained and generally
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DIAMETER OF GRAINS, IN INCHES
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FIGURE 17.—Cixmulatlve curves showing grain size of materials from the *“700-foot” sand.

better rounded and finer than those in the “500-foot” sand.

Hydrology.—In 1955 there were eight large-capacity industrial
wells screened in the “700-foot” sand. The city of Lake Charles
derives its entire municipal water supply from six wells screened
in this sand. The reported original yields from the municipal
wells were about 1,200 gpm, and their reported specific capacities
about 32 gpm per foot of drawdown. The reported yields of 15
industrial wells ranged from 800 to 2,200 gpm and averaged 1,500
gpm. The average specific capacity of 7 of these wells was 30 gpm
per foot of drawdown.

Values of the coefficients of transmissibility and storage were
determined in 1942 from wells owned by the Greater Lake Charles
Water Co. (formerly Gulf States Utilities Co.). The average
coefficient of transmissibility is about 180,000 gpd per foot, the
average coeflicient of storage is 0.0006, and the average permeability
is 1,200 gpd per square foot.

The distance-drawdown and time-drawdown curves in figures 18
and 19 are based on coefficients of transmissibility and storage of
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80,000 gpd per foot and 0.0006, respectively. As shown by the
distance-drawdown curve (fig. 18), the drawdown in an observation
well 1,000 feet from a well pumped at 1,000 gpm continuously for
10 days will be about 4 feet. The time-drawdown curve (fig. 19)
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shows that the drawdown in an observation well 1,000 feet from
a well pumped at 1,000 gpm will be about 7 feet after 1 year of
continuous pumping and that if pumped continuously for 20 years
about 50 percent of the total drawdown will have occurred 10 days
after the start of pumping.

Quality of water—Chemical analyses of water from wells screened
in the *“700-foot” sand are given in table 7. Wells screened in this
sand generally yield a moderately hard water that has a greater
sodium-to-calcium ratio than that from the “500-foot” sand. The
iron content averages about 3.2 ppm, and the temperature ranges
from 74° to 78°F. Generally the chloride content of water in the
%700-foot” sand is greater than that in the “200-” and “500-foot”
sands. The curves in figure 20 indicate that there apparently has
been no salt-water contamination of well Cu—463, which is screened
in the “500-foot” sand in the industrial district, whereas the chloride
content of water from well Cu—462, screened in the “700-foot” sand,
has increased from about 25 ppm in 1950 to 220 ppm in 1955.
Moreover, the chloride content in another nearby well screened in
the “700-foot” sand (well Cu-96, fig. 20) had increased to 450 ppm
when it was abandoned in 1951. The chloride content of the water
from public-supply well Cu-8 had increased from 91 ppm in 1940
to 156 ppm in 1956. Well Cu-661, the most recently installed
municipal-supply well in the southern part of the city of Lake
Charles, yielded water having a chloride content of 88 ppm in
September 1956. The chloride content of water from well Cu-151,
an irrigation well screened in the “700-foot” sand in the south-
eastern part of the parish, was 816 ppm in 1955. The reason for
the higher chloride content of water from these wells in the central
and southern parts of the parish may be due to incomplete flushing
of the “700-foot” sand by fresh water. In the northern part of the
parish, the chloride content is less than 30 ppm (see analyses for
wells Cu-7 and Cu—495 in table 7) and current records do not show
any effects of salt-water encroachment,

DEPOSITS OF PLIOCENE AGE
EVANGELINE AQUIFER

Distribution and thickness—The Evangeline aquifer is composed
of sedimentary rocks of Pliocene age which occur throughout south-
western Louisiana. This aquifer is near the surface in northern
Beauregard, Allen, and Evangeline Parishes, where it is overlain
by a thin veneer of Pleistocene deposits (Jones and others, 1954,
p. 57). In Calcasieu Parish it is difficult to identify accurately the
top of the deposits of Pliocene age, as they bear a marked similarity
to the overlying deposits of Pleistocene age. However, on the basis
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of changes in color and texture of the sediment (Jones and others,
1954, p. 69), the top of the Evangeline aquifer which is in the Foley
formation, has been delineated and is shown in the geologic sections
(pl. 4). In Allen and Evangeline Parishes, where several wells
have penetrated the Evangeline aquifer, the sand generally is fine
to medium grained. There is a considerable variation in the thick-
ness of individual sand beds in the Evangeline aquifer. At DeRidder,
in Beauregard Parish, 18 beds of sand in the lower part of the
aquifer, between depths of 800 and 1,000 feet, range from 3 to 115
feet in thickness and average 27 feet (Jones and others, 1954, p. 130).
Generally, the individual sand beds are discontinuous; however, it
appears that each sand bed is connected either above, below, or
laterally with other beds, thus forming a single hydrologic unit
(Jones and others, 1954, p. 180). The Evangeline aquifer is about
1,000 feet thick in the vicinity of DeQuincy, where it contains fresh
water. Southward, in the industrial district, it contains salt water
throughout its entire thickness of about 2,000 feet.

Hydrology—The permeability of the sands in the Evangeline
aquifer (estimated to be 250 to 1,000 gpd per square foot) is gen-
erally lower than that in the overlying Chicot aquifer, as would
be expected considering the finer grain of the materials making up
these sands (Jones and others, 1954, p. 131). The specific capacity
of 10 wells tapping the Evangeline aquifer in southwestern Louisiana
ranged from 2 to 20 gpm per foot of drawdown, as compared to the
average specific capacities of 24 to 40 gpm per foot of drawdown
of wells in the Chicot aquifer. A test well (Cu-666) was drilled
to a depth of 2,204 feet and was screened opposite a sand of
Pliocene age between depths of 930 and 990 feet. The water level
was 49 feet below the land surface, and the yield was 220 gpm—
the specific capacity was 2. This is the only well known to have been
screened in the Evangeline aquifer in Calcasieu Parish.

Quality of water—In adjoining parishes where the Evangeline
aquifer is a source of fresh water, the water is of the sodium bi-
carbonate type, very soft, slightly alkaline, low in chloride content,
and free of excessive quantities of dissolved iron (Jones and others,
1954, p. 137). Where fresh it is excellent for public supply, al-
though locally it may be yellowish or brownish. This color is
probably due to colloidal organic matter, and the water generally
is not considered harmful for human consumption.

As shown by data from electrical logs of test wells, the Evangeline
aquifer contains salt water in the industrial district. The water
from well Cu-666, near the industrial district, contains about 14,000
ppm of chloride; this substantiates data from electrical logs. In
the northern part of the parish, the aquifer contains fresh water
(having less than 250 ppm of chloride) throughout.
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DEPOSITS OF MIOCENE AGE

Electrical logs of oil-test wells indicate that throughout most of
Calcasieu Parish the sands of Miocene age contain salt water. How-
ever, according to electrical logs, fresh water occurs in a few thin
sands of Miocene age between depths of 1,500 and 2,500 feet in the
extreme northern part of the parish. Because no known water wells
penetrate these sands in Calcasieu Parish, no information on their
water-bearing characteristics is available.

WITHDRAWALS AND THEIR EFFECTS
GENERAL CONDITIONS

A total of about 105 mgd (million gallons per day) of water was
withdrawn from wells in the principal sands of the Chicot aquifer
in Calcasieu Parish in 1955. This estimate of withdrawal is based
on ground-water use as reported by industries, measured discharge
of some wells, and data supplied by municipalities. Of the 105 mgd
pumped, about 66 mgd was used by industries, 27 mgd by irrigators,
8 mgd by municipalities, and 4 mgd for rural supplies. Of the
101 wells listed in table 6 as industrial-supply wells, 40 are for
oil-field supply. Wells used for supply during drilling operations
are temporary, and the present (1956) estimated pumpage from
these wells is 0.25 mgd. This small amount is not listed in the
total withdrawals in table 5.

Since 1955, rice has been included under the Federal price-support
program. In Calcasieu Parish this program has resulted in a decline
in rice acreage from an average of 77,000 acres a year during
1945-54 to about 63,000 acres a year during 1955-56. However, this
decrease in acreage has not resulted in a significant decline in the
amount of ground water used for irrigation. It appears that the
total amount of water pumped is affected more directly by the
amount of rain during the growing season than by the change in
acreage planted. It is probable, however, that a continued decline
in the acreage of rice will result in a general reduction in the
amount of ground water pumped for irrigation. The relation of
rainfall to pumpage for irrigation purposes from the Chicot aquifer

TABLE 5.—Ground-water pumpage, in thousand gallons per day, in Calcasieu
Parish in 1966

Source Municipal | Industrial | Irrigation Rural Total Percent

of total
“200-foot”” sand. .. cceccceemancon 150 3, 000 7,860 5?) 11,010 10.5
“500-foot’’ sand. ... 1,700 50, 700 17,000 ?) 69, 400 66.0
“700-foot” sand._ . __.__._.__.__ 8, 000 12, 300 2, 500 (9] 20, 800 19.7
All sands (undifferentiated)_.... - 4,000 4,000 3.8
TOta). oo 7,850 66, 000 27,360 4,000 105,210 | oo
Percent of total.._...... 7.5 62,7 26.0 3.8 100
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is shown in figure 21. The graph shows that pumping for irriga-
tion generally is inversely related to rainfall during the rice-growing
season. A comparison of rainfall and pumping for rice irrigation
for 1954 and 1955 clearly illustrates this relationship. In 1954,
when there was a total rainfall of 13.5 inches during the rice-growing
season, about 53,000 acre-feet was pumped; in 1955 there was a total
rainfall of 31 inches during the rice-growing season, and pumpage
decreased to about 31,000 acre-feet. In 1954, moreover, 84,000 acres
of rice was irrigated by 53,000 acre-feet of ground water, and in
1956 only 58,200 acres was irrigated, but the amount of ground
water used increased to about 57,500 acre-feet. The rainfall during
the rice-growing season in 1956 was 12.71 inches. The poor correla-
tion for the years 1952 and 1953 is due to exceptionally heavy rains
occurring within short periods of time during the rice-growing
season. Because ground-water levels are directly affected by pump-
ing, they declined rapidly during 1948 and 1951 (fig. 22) when
rainfall during the growing season was below normal.

IRRIGATION PUMPAGE, IN
THOUSANDS OF ACRE-FEET,
IN'CALCASIEU PARISH
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Ficure 21.—Graph showing the relation between pumpage from the Chicot aquifer and
rainfall during the rice-growing season.
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The quantity of water used from the Chicot aquifer for rural
needs is based on an estimated per capita use of 125 gpd (Jones
and others, 1954, p. 204) and a rural population of 32,133 (1950
census). This allows for gardening and stock supply and use by
small businesses. It is reasonable to assume that practically all the
water required for rural supplies is obtained from wells because
of the availability and easy accessibility of a potable ground-water
supply. All municipalities in Calcasieu Parish are dependent upon
wells that tap the Chicot aquifer.

Practically all the ground water pumped in Calcasieu Parish is
removed permanently from the aquifers. Water used is discharged
into a network of drainage canals and streams which eventually
flow to the Gulf of Mexico. There may be, and probably is, some
local influent seepage from streams, and such recharge may include
small quantities of used ground water. However, this amount is
probably negligible and is not considered in the overall computation
of ground-water use.

The concentration of pumping in the industrial district has re-
sulted in this area having the lowest water levels in the Chicot
aquifer in southwestern Louisiana. In the central part of this
district the greatest water-level decline, to slightly more than
100 feet below sea level, has been in the “500-foot” sand. The
average annual water-level decline in southwestern Louisiana is about
1 foot (Fader, 1957), whereas the present average annual decline in
the principal sands in Calcasieu Parish is as great as 3.5 feet.

CHICOT AQUIFER
“200-FOOT” SAND

PUMPAGE

The first recorded well near Lake Charles in the “200-foot” sand
was a drilled industrial well constructed prior to 1903 and was
known as Reiser’s Machine Shop well. It is reported that the
altitude of this well was about 13 feet and that the well was known
to flow to 17 feet above the land surface in 1903 (Harris and others,
1905, p. 59). The first large-capacity industrial well in this sand
was constructed in 1940 near Westlake, La. Available records in-
dicate that the “200-foot” sand supplied water to the first irrigation
wells in the parish which were drilled about 1900 (Harris and others,
1905, p. 55-59). In the “200-foot” sand there are presently three
large-capacity industrial wells in the vicinity of Westlake (pl. 2),
in addition to public-supply and many irrigation wells in the
southeastern part of the parish.

506361—60—4
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Withdrawals from the “200-foot” sand have gradually increased
from little or nothing in 1900 to an average of about 11 mgd in
1955 (table 5). In 1955 the sand supplied 0.15 mgd for municipal
purposes, principally at Towa; 3.0 mgd for industrial purposes in
the vicinity of Westlake; and 7.9 mgd for irrigation, principally
in that part of the parish east of the Calcasieu River.

EFFECTS OF PUMPING

Water-level measurements made in wells screened in the “200-
foot” sand are shown graphically on figure 25 and are reported in
table 6. The measured water level in well Cu—45, in the city of
Lake Charles, was 27.15 feet below the land surface on January 20,
1943, and 53.44 feet below land surface on March 18, 1956 (table 6);
this decline of 26.29 feet during the 13-year period averages 2 feet
per year. Southeast of Lake Charles, near Holmwood, the average
yearly decline in well Cu—451 was 2 feet for the period 1947 to 1956
(fig. 22). The net water-level declines are computed from measure-
ments made in the spring prior to the beginning of rice irrigation,
as those measurements indicate more accurately the level of maximum
recovery for the year. Since 1946 the average annual water-level
decline has been less than 2 feet (see graphs for wells Cu-847 and
Cu-640 on fig. 22) in the eastern part of the parish, where the “200-
foot” sand is the principal source of water for domestic, agricultural,
and municipal purposes. The water-level decline in well Cu—45 is
closely representative of wells in the industrial district. Because of
a pronounced decrease in the use of water for rice irrigation during
1955, the water levels showed a net recovery of as much as 3 feet
from the spring of 1955 to the spring of 1956.

“500-FOOT” SAND
PUMPAGE

The first recorded drilled well in the “500-foot” sand was an
industrial well 6 inches in diameter, owned by the Bradley and
Ramsey Lumber Co. in Lake Charles. In 1903 this well had the
largest natural flow (210 gpm) of any well in the State (Harris and
others, 1905, p. 58). It is estimated that the static water levels in
the “500-foot” sand in 1903 were about 20 feet above sea level. In
1934 pumpage from this sand was relatively small, and most of the
wells flowed when completed. After the industrial expansion of the
Lake Charles area (1934), pumpage gradually increased from a
negligible amount in 1934 to 69.4 mgd in 1955, of which about
50.7 mgd (see table 5) was withdrawn from the “500-foot” sand for
industrial purposes in Calcasieu Parish.

EFFECTS OF PUMPING

Water levels—Throughout the parish, water levels in the “500-
foot” sand have declined steadily during the period of record. In
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the area outside the industrial district, they declined at an average
rate of about 2 feet per year during 1943-56, as shown by the
hydrographs of wells Cu-115, Cu-120, Cu-208, and Cu-228 (fig. 23).
The wells outside the area of heavy industrial and public-supply
pumping reflect the regional water-level trend and seasonal declines
caused by pumping for rice irrigation. The result of decreased
seasonal pumping for rice irrigation in 1955 is shown graphically
in figure 23; the 1956 spring water levels were higher than those
measured the previous spring. The net water-level recovery in these
wells for the year ranged from 2 to 4 feet.

In the industrial district, water levels declined at an average
rate of about 1.4 feet per year during 1903-56; however, since
1934, when industrial development started on a large scale, water
Jevels have declined at the average rate of about 2.9 feet per year.
The average declines were based upon reported levels in 1903 and
1934 and measured levels in well Cu-22 (fig. 24) since 1943. This
well is within the industrial district but in an area where the levels
are not affected by nearby heavy pumping. The 1956 spring water
levels in this well are about 3 feet below that measured in the spring
of 1955. This suggests that the water-level fluctuations in well
Cu-22 are caused primarily by variations in local industrial pumping.

The hydrograph (fig. 25) of water levels measured in well Cu—445
in the industrial district shows an average annual decline of about
5 feet during 1946-56. As shown in figure 25, the average daily
municipal and industrial pumpage from the “500-foot” sand in the
industrial district and adjoining communities in 1945 was 21 mgd,
:and in 1956 it was 53 mgd, representing an increase of 150 percent.
‘The hydrograph of well Cu—445 reflects this increased pumping.
‘"The annual fluctuation, starting with a decline in the spring and
.ending with a recovery in the fall, is due to changes in industrial
use as well as seasonal pumping for agricultural purposes.

Although the present decline of water levels in the areas of heavy
‘pumping is relatively large, as compared to that in the other sands,
it is not excessive and must be expected in order to provide a
:gradient sufficient to move the required amount of water into the
areas of pumping. A wider spacing of wells, as new ones are
-drilled to replace old wells, would minimize the amount of inter-
ference between them. Moreover, if the total pumpage is not
‘increased, wider spacing of wells will result in a decrease in the
rate of water-level decline in the industrial district.

Analysis of piezometric map.—Calcasieu Parish is included in the
:area covered by piezometric maps for the year 1903 and the period
1944-51 in two recent reports, one (Jones and others, 1954) pub-
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lished by the Louisiana Geological Survey and the other (Jones and
others, 1956) published by the U.S. Geological Survey. Maps for
the period 1952-55 are included in three reports published by the
Louisiana Geological Survey, Department of Conservation, and the
Louisiana Department of Public Works (Fader, 1954, 1955, and
1957).  Piezometric maps of the “500-foot” sand in Calcasieu Parish
for the months of September 1948, October 1946, and September
1949 are included in an open-file report issued in 1950 (Jones).

A piezometric map of the “500-foot” sand was prepared for this
report from water-level measurements made during September 1955.
(See pl. 5.) Contour lines connecting points of equal water-surface:
elevation in wells used as control points show the altitude to which
water rose in wells screened in the “500-foot” sand. Water-level--
contour (piezometric) maps indicate, directly or indirectly, the di-
rection of ground-water flow, areas of recharge and discharge,.
ground-water divides, water levels with reference to a known datum,
and effects of pumping; and when used with other hydrologic data,.
they show the rate of movement. Moreover, by comparing successive
maps, changes in ground-water storage may be computed.

The direction of flow of ground water is downgradient along flow
lines—lines crossing all contours at right angles. The direction of
movement of the water in the “500-foot” sand in Calcasieu Parish
is toward areas of heavy pumping. This is in contrast to conditions.
in 1903, when there was little or no pumping and the direction of’
movement throughout the parish was southward (Jones and others,.
1954, pl. 17).

Pumping tests on both industrial and irrigation wells were made
at six separate sites. One purpose of the tests was to determine the-
hydraulic characteristics of the aquifer so that the effect of with-
drawals of water could be predicted.

The transmissibility of an aquifer determined by pumping tests can:
be verified by comparing the quantity of water pumped from an area
with the quantity of water moving into the area as calculated by
Darcy’s law and data from the piezometric map. Darcy’s law is ex~
pressed as—

Q=PIA )
where—
@ is quantity of discharge per unit time
P is permeability
I is hydraulic gradient

A is cross-sectional area through which water percolates.
This equation can be rewritten by substitution in the following manner:

Q=1 I(Lm)=TIL 3)
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where—
T

m
T is transmissibility
Ais Im
L is length, normal to direction of flow, of the section through
which the water moves
m is thickness of aquifer.
The hydraulic gradient between the contour lines is given by the
formula
I=g=__c___=c_£ (4)
d B/L B
where—
¢ is contour interval
d is average distance between contours
B is area between contours
. B
dis T,.
By substituting equation 4 into equation 3 the expression may be

written—

_ Loy TeL2 (5)

where—

Q is expressed in gallons per day

T is in gallons per day per foot

¢ is in feet

L is in miles

B is in square miles

By use of formula 5 and data from the piezometric map, the amount

of water flowing across the —60- and —70-foot contour lines (pl. 5)
in the vicinity of well Cu—445 can be calculated as follows:

0 190,000<X10X (13.25)2
v 18.4

=18,000,000 gallons per day flowing
across the —70 foot contour
when—
T is average coefficient of transmissibility of the “500-foot” sand
in the industrial district=190,000 gpd per ft
L is calculated length and equals (17.754-8.75)~+-2=13.25 miles;
where the length of the —60-foot contour around well Cu—445=
17.75 miles and the length of the —70-foot contour around well
Cu—445 equals 8.75 miles
B is area between the —60- and —70-foot contours and equals
18.4 square miles; where the area encompassed by the —60-foot
contour equals 24.4 square miles and the area encompassed by
the —70-foot contour equals 6.0 square miles
¢ is contour interval and equals 10 feet.
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The reported total pumpage from the “500-foot” sand within this
area is 20.5 mgd, which results in a difference of only 12 percent
from that calculated (18.1 mgd). A similar analysis made of the
amount moving across the —70-foot contour in the vicinity of well
Cu-T7 shows that, when the transmissibility 7' equals 160,000 gpd
per foot (table 2), about 36 mgd flows across the —70-foot contour
toward the area where about 32 mgd is being pumped from the
“500-foot” sand. The difference between the actual and calculated
values is 14 percent. The relatively close agreement of the amount
pumped and the calculated amount moving into the areas verifies
the values of transmissibility determined by pumping tests.

With a coefficient of transmissibility based on an average perme-
ability and thickness of the “500-foot”” sand in the area being con-
sidered, the amount and rate of water moving northward into the area
encompassed by A4, B, C, and D (pl. 5) were calculated by formulas 5
and 6 as follows:

o=TeL?_150,000X10 12*
B 46.9X7.5X10

=60,000 cu ft per day (450,000
gpd) per 1-mile length of —40-
foot contour

where—

L is calculated length and equals 12 miles
The length of AB (—30-foot contour) equals 14 miles
The length of CD (—40-foot contour) equals 10 miles
B is area encompassed by A, B, C, and D and equals 46.9 sq miles
¢ is contour interval and equals 10 feet
1 cu ft water equals 7.5 gallons
T is transmissibility and equals 150,000 gpd per foot.
The velocity or rate of movement of water northward between
points C and D can be calculated as follows: ’

72 (quantity in cu ft per day) (6)
A (effective area in sq ft)

thus—
V=%=0.38 foot per day=0.026 mile per year
where—
@=60,000 cu ft per day per mile,
A=160,000 sq ft (assuming a porosity of 25 percent and an
aquifer thickness of 120 ft, the effective area per mile
through which the water moves is 120X5,280X0.25

=160,000 sq ft).
The average distance between the —30- and —40-foot contour lines
within the area ABCD is 3.9 miles. On the basis of the above-

calculated velocity, it would therefore require about 150 years for
the water to move this distance at the present rate of pumping.
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The amount and rate of movement of ground water from the north
into the area of heavy pumping was calculated in a similar manner for
the area marked EFGH (pl. 5), as follows:

2 2
Q= T%L =3°°'°1%°>z<712;<i50‘5) —330,000 cu ft per
: day (2,500,000gpd)
per l-mile length
of —40-foot con-

tour between points
Eand ¥
and—
_Q_ 330,000 _ _ .
=2=330,000— " foot per day=0.07 mile per year
‘where—

A=250X5,280X0.25.

At the above velocity the time required for water to move from
the —80-foot contour to the —40-foot contour within the area EFGH
would be 18 years. The calculated velocities are based on the as-
sumption that the water moves at a uniform rate throughout the
thickness of the aquifer.

Within the areas considered the rate of movement southward
is about three times that of the rate of movement northward and
the quantity entering the area from the north is about six times
‘that from the south where the “500-foot” sand contains salty water.

Piezometric maps may be used to outline areas of heavy pumping
and, if the altitude of the land surface is known, to determine the
static water level below the land surface in any locality. For ex-
ample, plate 5 shows the —80-foot contour passing near well Cu—445,
where the altitude of the land surface is 12 feet. Consequently,
‘the depth to water in wells penetrating the “500-foot” sand in the
vicinity of Cu—445 was 92 feet below the land surface in September
1955. The close relationship between water levels and pumping
is shown by comparing the map for September 1955 (pl. 5) with the
maps for 1943, 1946, and 1949 presented by Jones (1950, figs. 4, 5,
and 6). The areas in which water-level declines were most significant
were central and southeastern Calcasieu Parish, which were also
areas of heavy pumping. The piezometric surface in the central
part of the parish in 1943 was about 25 feet below sea level, whereas
in September 1955 it was 100 feet below sea level. In the south-
-eastern part of the parish, the piezometric surface declined from
6 feet below sea level in September 1943 to 30 feet below sea level
in 1955.
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“700-FOOT” SAND
PUMPAGE

The first known wells in the “700-foot” sand, wells Cu-186 and
Cu—431 (table 6), were completed in 1918 and are not now in use
because water levels have declined below the pump settings. The
original yields of the wells and the water levels were not recorded.
The first known large-capacity industrial well tapping the “700-
foot” sand is Cu-92 near Westlake. This well had a reported yield
of 2,200 gpm and a static water level of 21 feet below land surface
when drilled in 1942.

As shown in table 5, the “700-foot” sand yields about 6 mgd for
municipal supplies, 12.3 mgd for industrial use, and 2.5 mgd for
irrigation. In 1956 there were six municipal and eight industrial
wells screened in this sand. The average municipal and industrial
pumpage in the vicinity of Lake Charles has increased from 4 mgd in
1945 to 17.6 mgd in 1956, or about 300 percent. (See fig. 26.)

EFFECTS OF PUMPING

The water level in well Cu-3, in the “700-foot” sand, has declined
from 12 feet below the land surface in 1940 (table 6) to 68 feet
below the land surface (fig. 27) in January 1956 (the time of maxi-
mum recovery), which represents an average annual decline of
3.5 feet for the 16-year period. Well Cu-3 is in the principal
public-supply well field in Lake Charles. The hydrograph of well
Cu—446 (fig. 26) shows that water levels have declined in the in-
dustrial district from about 26 feet below the land surface in
April 1946 to 64 feet below the land surface in April 1956, or an
average of 3.8 feet per year over the 10-year period. The graph
of well Cu-125 (fig. 27) shows that water levels 3 miles southwest
of the industrial district have declined from 10 feet below the land
surface in April 1944 to 52 feet below in April 1956, or an average
annual decline of 3.5 feet per year for the 12-year period. In the
rice-farming area southeast of Lake Charles, the average annual
decline, based upon records for Cu-173 (fig. 27), has been 2.6 feet
since 1947. Thus, the water-level records indicate a general and
consistent water-level decline in the “700-foot” sand throughout
the parish.
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DEPTH OF OCCURRENCE OF FRESH GROUND WATER

A map (plate 9) of Calcasieu Parish showing the maximum depth
of occurrence of fresh ground water was prepared from data ob-
tained from electrical logs of oil-test wells. The contour lines on
the map connect points of equal altitude below mean sea level at
the base of the fresh-water-bearing section. The base of this sec-
tion is quite level throughout the southern and extreme eastern
parts of the parish. Scattered over the entire area are mounds of
salt water, which occur over some of the oil fields in the parish. At
the Starks field, salt water occurs within 200-300 feet of the land
surface, whereas within 2 miles around the field the depth to salt
water is about 800 feet. Although the mode of occurrence of these
mounds of salt water is not fully known, they may be due to up-
ward movement of salt water along fault planes cutting fresh-
water-bearing zones, displacement of salt-water-bearing beds upward
so they are in contact with those containing fresh water, contamina-
tion of fresh-water-bearing sands during drilling of oil or other deep
wells, or contamination of fresh-water-bearing sands by movement
of salt water through defective well casings.

There is a rather abrupt increase in thickness of the fresh-water-
bearing section north of the Houston River. The base of the fresh
water is at a depth of 800 feet near Sulphur, 1,000 feet at the
Houston River north of Sulphur, and 2,500 feet north of DeQuincy.
This change in thickness of the fresh-water body probably marks
the southern extent of flushing of the deeper sands by fresh ground
water. Electrical logs of oil-test holes drilled in this area show
fresh-water-bearing sands underlying those containing salt water.
This interfingering of sands containing fresh and salt water is not
fully understood but may be due to differences of head in, and
permeability of, the sand beds; for example, other things being
equal, the salt water would be flushed more rapidly from sands
having a relatively high permeability than from those having a
low permeability.

SALT-WATER ENCROACHMENT

The chloride content of water is increasing in the “200-foot” sand
in the vicinity of Towa, in the “500-foot” sand in the vicinity of the
Starks oil field, and in the “700-foot” sand in the industrial district.
The source of this salt water is not the overlying streams, lakes,
or gulf but is within the sands themselves or the underlying or
overlying sands containing salt water. Salt-water encroachment
can occur by the lateral movement of saline water through a forma-
tion, vertical movement through confining materials, movement in
the vicinity of salt domes and associated structural features, and
leakage through defective wells.
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LATERAL MOVEMENT

The sand and gravel of the aquifers in Calcasieu Parish probably
were deposited in an estuarine or near-shore environment, where
saline water was trapped in the aquifers. Rain falling on the ex-
posed surfaces of the sands and gravels served to flush out the salt
water. The southern extent of this flushing is dependent upon
the time available since deposition of the sand and upon the rate
of movement of water in the aquifer. Because the aquifers of
Calcasieu Parish pinch out toward the south, the rate of movement
of the water under natural conditions was probably governed by
vertical seepage from the sands through overlying confining beds.

Originally the direction of movement of the water in the prin-
cipal sands in Calcasieu Parish was southward and served to push
the fresh water-salt water interface southward into southern Caleca-
sieu and Cameron Parishes. Pumping has caused the hydraulic
gradient to be reversed in the southern part of Calcasieu Parish,
and ground water is moving northward toward areas of heavy with-
drawals. Because of the lack of definitive observation wells, the
exact location of the fresh water-salt water interface in the sands
is not known. However, an approximation of the time required
for the water to move from the southern edge of the parish toward
the area of heavy pumping may be made by the method described
in the report under “Analysis of piezometric maps.” TUnder exist-
ing conditions the rate of movement is very slow, and many years
would elapse before the salt-water interface could reach the industrial
district.

The trend of chloride concentration in water from a large-
capacity well (Cu-588) in the “500-foot” sand in the southern part
of the industrial area is shown graphically in figure 28. For the
past 4 years the chloride content of water from well Cu-588 and
other wells in the southern part of the parish has been more or less
constant, indicating that the salt water within the “500-foot” sand
has not moved northward into the industrial district.
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F1cURE 28.—Graph showing the chloride content of water from well Cu-588.
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The chloride content of water from wells screened in the “700-
foot” sand is given in table 7. Within the industrial district, the
chloride content of water pumped from the “700-foot” sand has in-
creased more rapidly than in other known areas of increasing
chloride. This increase of chloride in the industrial district is shown
graphically on figure 20. In well Cu-96 (736 feet deep) the chloride
content increased from 285 ppm in 1945 to 450 ppm in 1951. In
well Cu-98 (767 feet deep) the chloride content increased from
95 ppm in 1945 to 340 ppm in 1952. Records of the quality of
water from well Cu-462 (724 feet deep) show that the chloride
content increased from 20 ppm in 1949 to 215 ppm in 1955. Well
Cu-986, drilled in 1943, was put on a standby basis in 1947 because
of the high concentration of chloride in the water. During 1947-51
well Cu-96 was pumped only for the purpose of determining the
chloride content of the water. Well Cu-98 was put into production
late in 1942, was retired to standby basis in 1950 and was pumped
only to obtain water for determinations of the chloride content
during 1951-52. The progressive contamination of the “700-foot”
sand, as shown on figure 20, indicates that local contamination is
by residual salt water in the lower part of the sand or by the
advance of a nearby salt-water interface as the result of pumping.

VERTICAL MOVEMENT

In an area such as Calcasieu Parish, where fresh-water-bearing sands
overlie and may be separated from salt-water-bearing sands by a
relatively thin clay layer, movement of salt water through clay into
fresh-water-bearing sands can occur if the hydrostatic head in the fresh-
water-bearing sand is less than that in the salt-water-bearing sand.
A theoretical example of this type of contamination can be considered
under the following assumptions: The clay underlying a fresh-water
aquifer is 50 feet thick; the difference in head of the water contained
in the two aquifers is 10 feet; and the permeability of the clay is
0.2 gpd per square foot (Wenzel, 1942, p. 13). Then from formula (2)

Q=PIA

0.2X 10X 1X (5,280)2
50

=1,100,000 gallons per day
per square mile.

Although no permeability measurements of clay have been made
in Calcasieu Parish, the above example clearly shows that, con-
sidering the areas involved, significant amounts of water can move
through a relatively thick clay bed. As indicated by the increasing
chloride content of the water, there may be contamination of the
700-foot” sand by underlying salt-water-bearing sands in the vicinity
of the Lockport and Sulphur Mines oil fields.
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Another way in which salt water can enter fresh-water aquifers
is by downward movement of saline water from shallow sands into
the deeper fresh-water-bearing sands. In Calcasieu Parish, water
from well Cu-562, which is 22 feet deep, has a chloride content of
1,320 ppm (table 7). Because of the higher water level in the
shallow sand, this saline water could migrate to deeper fresh-water-
bearing sands. Sufficient data to indicate conclusively whether this
type of contamination is occurring in Calcasien Parish are lacking.

MOVEMENT IN VICINITY OF STRUCTURES

The contamination of fresh-water-bearing sands by movement of
salt water upward through the disturbed sedimentary rocks overlying
salt domes has been suggested as an explanation of the salt-water
mounds (pl. 9) overlying many oil fields in Calcasieu Parish.
However, Winslow and Doyle (1954, p. 30) suggest that “some of the
apparent contamination may be the result of a lack of circulation
rather than actual contamination from the salt or underlying salt-
water sands.” At the Starks dome, water from wells Cu-613 (85
feet deep) and Cu-585 (483 feet deep) had concentrations of
chloride of 430 ppm and 907 ppm, respectively. No hydrologic
boundaries that might indicate the presence of faulting in this area
were determined during the pumping test made on these and other
wells. For this reason, contamination of the shallow sands by the
movement of saline water along fault planes is not considered to
have been effective in this area.

DEFECTIVE WELLS

Fresh-water-bearing sands can be contaminated by the movement
of salt water through defective wells. Wells having leaky casings
may serve as effective conduits for the passage of salt water into
sands containing fresh water. This means of contamination has
been described in reports on other areas (Thompson, 1928, p. 98-
107; Sayre, 1937, p. 77; Bennett and Meyer, 1952, p. 158-173; Piper
and others, 1953). Although such contamination has not been
proved in Calcasieu Parish, it may occur to some degree in abandoned
oil and sulfur wells.

CORRECTIVE MEASURES

It will be necessary to continue the collection of data on the
location of salt water in Calcasieu Parish to determine the sources
of local contamination. After the sources are determined it may
be possible to inaugurate corrective measures to prevent the spread
of contamination. Such measures may include protective pumping,
the repair qf leaky casings, control of discharge of water from
wells, or other methods designed to meet specific problems.
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WELL CONSTRUCTION AND METHODS OF LIFT

EXPLORATORY METHODS

Generally when a well or well field is to be installed, test holes
should be drilled to determine the occurrence of the fresh-water-
bearing sands. During drilling, an accurate record should be made
of the beds penetrated, the drilling time required, and formation
samples collected. After the test hole has been drilled to the
specified depth, it is desirable to make an electrical log for cor-
relation purposes and to determine the occurrence of sands con-
taining fresh water. If the data collected from the test hole
indicate favorable conditions, the hole is reamed to the desired
diameter, and the supply well installed.

The electrical log is a record of the potential and resistivity of
the formations penetrated by the well bore. The spontaneous-po-
tential curve (in millivolts) is generally shown as a single trace
on the left side of the conventional commercial electrical log, and
the resistivity curves, on the right side. In the gulf coast area,
of which Calcasieu Parish is a part, the spontaneous-potential curve
generally has a positive deflection opposite fresh-water-bearing sands
and a relatively large negative deflection opposite salt-water-bear-
ing sands. In Calcasieu Parish the resistivity reading (measured in

-._.—Ohlﬁlm'q) generally is high opposite sands containing fresh water

and low (less than 20M opposite salt-water-bearing sands and
m pp g

shales. This selection of 20 ohms for determining fresh-water-
bearing sands from electrical logs is based upon a correlation of
resistivity readings from logs and quality-of-water data in south-
western Louisiana.

A drill-stem test may be made if it is necessary to determine
precisely the quality of water. A short length of screen is attached
to the drill stem and is set opposite the sand to be tested. To
prevent contamination of the water, packers are usually set above
and, if needed, below the section being tested. After an adequate
water sample is collected, the drill stem and screen are removed
from the hole. Drill-stem testing may be used also to obtain water-
level measurements and data on the potential yield of a supply well.

CONSTRUCTION

All the industrial, municipal, and irrigation wells, and most of the
rural supply wells in Calcasieu Parish have been drilled by the
hydraulic-rotary method. The drilling is done by rotating a bit on
the end of a drill-stem pipe which is screwed onto the kelly, a sec-
tion of drill pipe, either square or ribbed that fits into the drive
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bushing in the rotary table on the derrick floor. A mud fluid,
sufficiently viscous to seal up the walls of the hole and to carry the
cuttings to the surface, is pumped, under pressure, down the drill
pipe and out through holes in the bit. Jetted against the bottom
of the well with high velocity, the fluid is deflected upward to the
surface between the drill pipe and walls of the hole carrying the
drill cuttings.

Another recently developed method used in some areas of Louisiana
for drilling water wells is the reverse-rotary method. In this
method clear water flows from a pit on the surface down the an-
nular space between the drill pipe and walls of the hole. The
cuttings and water are returned in an ascending stream through the
drill-stem pipe to the clear-water pit. A large pit and source of
clear water are needed to replace water dissipated in permeable
zones and to maintain a relatively constant head to prevent loss of
circulation. After drilling is completed it is necessary that this
head be maintained until the casing and screen are set. The principal
advantage of the reverse-rotary method is that clear water is used
for drilling and consequently the water-bearing material near the
bore hole is not clogged with drilling mud. For this reason the
well generally can be developed in a shorter period of time. How-
ever, most of the reverse-rotary rigs presently (1956) in use re-
portedly have not been used to drill below a depth of about 600 feet.
It has been reported that newer techniques and developments will
allow reverse-rotary drilling to greater depths.

The principal components of a typical industrial or irrigation
well and its pumping equipment are shown in figure 29. The pur-
pose of the pit casing is to provide ample space for installation
and submersion of the pump. Where water levels are declining, as
they are in Calcasieu Parish, care should be taken to set a sufficient
length of pit casing so that the pump bowls will be deep enough
to prevent loss of suction. When the pumping level declines below
the pump bowls, the quantity of water delivered decreases rapidly
until the pump breaks suction. If the pump bowls are set at the
bottom of the pit casing and the water levels decline below the
limit of suction lift, it is necessary either to install a smaller pump
with less capacity in the well casing below the bottom of the pit
casing or to construct a new well.

In Calcasieu Parish there are two general types of wells: a gravel-
pack well made by reaming the hole to a large diameter (as much
as 28 to 32 inches) in the sand to be screened, and placing sized
gravel around the screen; and the so-called natural-pack well in
which the screen is set opposite the sand without introduction of
gravel. In natural-pack wells the size of the openings in the screen
1s such that the finer grained 40 to 70 percent of the sand grains,
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Figure 29.—Typical irrigation well,

as shown by the mechanical analysis, will pass through the screen
and into the well. In irrigation wells the finer grained 90 percent
of the sand grains is allowed to pass through the screen.

The well is deve